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May 31, 1950 


Dr. He Fe. Johnstone 

Head, Division of Chemical Engineering 
Department of Chemistry 

University of Illinois 

Urbana, Illinois 


Dear Sir: 


The attached report of a pre-pilot plant design 
for preparation of gasoline by the Fischer-Tropsch pro- 
cess has been prepared by the graduate plant design 
class. 


For greater efficiency, the class was subdivided 
into three groups, responsible respectively for feed 
preparation, reactor design and product separation. Later, 
a fourth group responsible for the plant layout and the 
preparation of the final report was formed. Members of the 
_ groups and group chairmen are as follows: 


Feed Preparation: Bollinger, Coldren, Kunstman, Robb, 
Tung. Chairman: Robb. 
Reactor Design: Feild, Hofto, McKinley, Timmerhaus, 


White, Chairman: Feild. 
Product Separation: Caskey, Chiang, Houvouras, Junk, 
Koeller, Schuelere Chairman: Schueler. 
Plant Layout: Bollinger, Caskey, Houvouras, McKinley, 
Tung, White. Chairman: White. 


It is estimated that gasoline can be produced at a 
cost of 14.7 cents per gallon. 219,8°8 lbs per day of acids, 
aldehydes, ketones and oil-soluble chemicals are produced. 
Their sale is expected to defray their separation cost and 
refining cost. Total plant investment is $45,587,125. 

Annual operating costs are es:imated as $10,150,581. 


The process is non-competitive with gasoline from crude 
at present crude. prices. 


Very truly yours, 


Edward A. White 
Chairman: Plant layout 
and final report group. 
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SUMMARY 


At the request of Dr. H. F. Johnstone, Head, Division 
of Chemical Engineering, a Fischer-Tropsch plant to produce 
5,000 barrels of gasoline from natural gas has been designed. 
In addition to the gasoline, 219,888pounds per day of oxy- 
genated chemicals are produced a side reaction products. 

The cost of production of gasoline is 14.7 cents per 
gallon. Total plant investment is $45,587,125. Annual 
operating costs, including cost of natural gas and other 
materials, are computed as $10,130,381. Depreciation is 
based on 10 year amortization with the exception of eguip- 
ment in very severe service amortized over shorter periods. 
The value of the oxygenated products is expected to defray 
the cost of separation. 

The process may be summarized as follows. Natural 
gas is compressed to 300 psia and treated to remove hydro- 
gen sulfide and then partially oxidized with tonnage oxy- 
gen to carbon monoxide anc hydrogen. The carbon monoxide- 
hydrogen mixture (synthesis gas) is reacted in iron cata- 
lyst fluidized-bed reactors to yield hydrocarbons and 
oxygenated products. The reactor operates at dO0Opsia and 
600° F. 

The product stream foam the reactor is sent to the 


product separation unit where it is condensed. Hydrocarbons 


oil and water soluble chemicals are removed and the unreacted 
synthesis gas recycled. Sufficient gas is bled to keep the 
inerts concentration in the reactor feed stream constant. 
Liguid Wideedav hone are sent to the refinery for processing; 
gaseous hydrocarbons are polymerized to gasoline in the 
polymerization plant. 

Plant location has been tentatively selected as 
Baton Rouge, Louisiana. ihe Mississippi river provides 
an inexhaustible source of cooling water and cheap trans- 
op eben ea of the products of the plant. Proved natural 
gas reserves in the state are 27 x 10° cubic feet, the 
second largest state reserve in the United States. Ihe 
current price for this natural gas is 5.9 cent per thousand 
cubic feet at the well. Other factors that favor this 
location are: mild climate allowing cheaper open building 
construction; a plentiful, economic labor supply; a large 
concentration of chemical industry in the region for an 
outlet for the chemicals production and an uroan area 
Simplif,ing the problem of attracting and holding key and 
skilled personnel. 

The high production cost makes construction of this 
plant unjustifiable on an economic basis. Construction of 
the plant might possibly be justified on a strategic basis, 
though it seems unlikely that 5,000 barrels of gasoline per 
day would justify such an expenditure of material and man- 


hours. 
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GENERAL CONSIDERATIONS 


Tre plant location is determined by several factors. 
The primary consideration is that the plant be located 
at or near a source of plentiful, cheap natural gas. 
Texas and Louisiana have the largest proved gas resources 
in the country. Texas has proved reserves of 99 trillion 
cubic feet while Louisiana has proved reserves of 27 
trillion cubic feet. The well price in Texas averages 
4.5 cents per 1,000 cubic feet while the price in Louisiana 
averages 5.9 cents per 1000 cubic feet. The state with the 
next largest reserve is Kansas with 14 trillion cubic feet 
at an average price at the well of 5.0 cents per M cubic feet. 


The cooling water requirement is 5,000, 000 gallons per 


hour. It is highly improbable that conservation regulations 


would allow even the makeup for such a reguiremant to be 
drawn from the ground water table. Furthermore, cooling 
towers to carry such shins would be wery costly. The 
obvious solution to this problem is to locate the plant on 
a river from which cooling water might be withdrawn and 
returned. 

Location of the plant on a river has the additional 
advantage of allowing products to be shipped by water, 
assuming the river one selects is navigable. Barge and 
tanker provide the cheapest transportation. Adequate rail 


service should be available at the site, also. 
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The consideration of marketsiis necessary. Assuming 
that water transportation is available, it is posssible 
to ship cheaply to the Gulf South market, the Midwest 
market and to the East Coast. However, the volume of 
chemicals production is such that it would probably prove 
impractical to ship these in barge or tanker quantities. 
Therefore, location near an area with chemical development 
is prudent since the chemicals will be used mainly in 
chemical manufacturing and processing. 

Labor is a major consideration. It is doubtful that 
at this time any given area is freer from the strike threat 
than any other. Unions are now nationally organized and 
appear to be uniformly militant as regards geography. 

Wage scales, labor supply and housing must then be consid- 
ered. If feasible, the plant should be located near a town 
large enough so that the plant will not affect the housing 
situation measurably and large enough to provide adequates 
schools, churches, shopping facilities and recreation 
facilities. Obviously, a lower prevailing wage scale is 
advantageous. 

| Having stated the principal requirements, it: is now 
indicated that the proposed locations be examined in, the 
light of these. On the basis of natural gas supply, Louis 
jana is the obvious choice ieee Lt is the cheapest source 
of natural Base The reserve,is adequate for this plant 
certainly. However, state doh eddweksicn regulations, if any, 
and the political aspects of conservation in the state 


should’tarefully checked. The possibility of having to 
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abandon a $50 million investment due to local cemagoguery 
might exist. 

Having Selected Louisiana, at least tentatively, 
location along the Mississippi is indicated. The water 
supply is certainly aeicet iva Ta and the river is nav- 
igable. One might locate in the New Orleans area or in 
the Baton Rouge area. However, the New Orleans area 
seems to offer little advantage if any over thé Baton 
Rouge area. Furthermore, land around the Baton Rouge area 
is cheaper and much more solid. Baton Rouge is large enough 
to produce adequate labor and to provide housing, schools, 
etcs There is considerable chemical industry in the area 
and it is close to the Texas Gulf chemical area. 

Having selected the plant location, the plant layout 
Should be considered. In the Baton HKouge area, very little 
grading and filling will be necessary to prepare the plant 
site. Rail spurs have been placed so that all units will 
be available by rail. All but the largest units of the 
process equipment will be shipped in by rail. Having the 
site of these units close to rail spurs will reduce 
construction difficulties. The plant is located two miles 
from the river to reduce flood danger in case the levee 
fails. Future expansion area is located between the river 


and the plant. Due to the integrated nature of the plant 
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as designed, expansion will be effected by duplication of 
all the present units with the possible exception of the 
the sneha ! 

Shops, laboratories and administration buildings 
are located at a distance from the plant area. In the 
event of fire or explosion, personnel in these buildings 
will not be endangered. For the same reason, the fire 
department is located out of the plant area, so that in 
case of fire it will not be immediately nullified. First 
aid stations are located close to the various units. The 
most probable serious injuries in the operation will be 
burns. In this case it is advisable to bring first aid to 
the man, rather than the man to first aid. For minor injuries, 
men will be able to rgport to first aid and get back to 
their jobs with a minimum of time lost. 

Roads are provided past the various units for 
maintenance truck and service trucks. The roads will be 
gravel initially anc may then be paved later with asphalt 
from the refinery unit. 

Laboratories will provide facilities for control 
analysis for all units, as w@ll as pilot plant and re- 
search laboratories. Research and pilot plant work will, 
at least initially, be concerned with better separation 


methods and improvement of reactor yields. 
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The plant presents a major safety hazard. This is 
the danger of fire and/or explosion from combustion of 
the synthesis gas preparation and reactor streams. Some 
of the separation plant streams will be quite flammable. 
A second, lesser hazard exists as carbon monoxide poison- 
ing. 

Fire and/or explosion will arise from leaks in the 
Synthesis gas and reactor sections. Units that should be 
given very freguent periodic inspection are: tubes in the 
natural gas preheater in the feed preparation unit and 
reactor feed lines in the reactor section. In the preheater, 
the tubes are in very severe service-- S00 psi at 1200 F, 
The consequences of failure of one of these tubes would 
at least be damage to the furnace. The reactor feed line 
is under very severe service conditions also. Here the 
danger is catalyst erosion. Obviausly, other units are 
hazardous, but these present the greatest hazard. 

Instrumentation for these hazards is as follows: 

a temperature recorder in the furnace sounds an alarm 
and begins shutdown of the units when the temperature 
rises above 2600 F in the furnace ( normal operating 
temperature in the furnace is 2400°F.). In the reactor 
line, small holes are drilled from the outside to the 
minimum allowable wall thickness in the line. Fressure 
taps installed on these holes lead to a pressure signal. 
When a pressure is transmitted to the pressure recorder, 
indicating that the wall thickness is the minimum safe 
thickness an alarm is sounded. The flow to the reactor 


is then shut off and the unit replaced. 
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Other hazards will be dealt with according to estab- 
lished practice. These include clearances, ventilation 


water supplies, and process hazards. 
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Cooling Water 


Cooling water required for the entire plant is 
5,100,000 gallons per hour. This includes heat exchange 
for all sections, process and turbine condensers and 
boiler makeup water. A breakdown of individual section 
requirements is given below. 


gallons per hour 


Oxygen compressor 22 ,600 
Natural gas compressor e) 
Natural gas scrubber 95,500 
Hydrogen sulfide removal ; 
(cooler & condenser) 12,000 
Synthesis Gas Scrubber #1 72,000 
Synthesis Gas Scrubber #2 16,300 
Carbon Dioxide Removal (cooler & condenser) 41,500 
Oxygen Plant 1,250 ,O00 
Separations: intercoolers 494,000 
scrubbers 160 ,000 
absorbers 520 ,000 
Turbine condensers 29610 ,O00 
Boiler make-up (zeolite treated) 7,500 


5,100,200 
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Steam Plant 


A steam plant for the production of steam for the 
Fischer-Tropsch plant, refinery and polymerization units 
will be purchased. The capacity of this installation is 
to be 1,000,000 pounds of steam per hour. This plant will 
have an electrical generation capacity of 25,000 kilowatts. 
Excess’ capacity is to be disposed of as electrical power. 


Operating data and costs given below are based on data 


On steam boiler and power plants (Chemical Engineers 


Hanbook, J. H. Perry, Ede, 3rd Ed., 1633, McGraw-Hill 


Book Co. Inc., New York, 1950). 
Capacity, lb/hr 
Heat added to steam, BTU/1b 
Total heat added, BLU/hr 
Boiler efficiency, % 
Natural gas consumption, Cu.ft/day 
Investment 
Fixed Annual Costs 
Labor, supervision 
Maintenance, m&«l 
Supplies 
Annual fuel cost 


Total Annual 
Operating Cost 


1,000 ,000 
1,100 

L.1 x 10° 
85 

27,000 ,000 


$11,300,000 


RR 


1,355 ,00U 
455,000 
130,800 

23,800 


346 ,000 


$1,964,600 
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Oxygen Plant 


A preliminary survey of 95 % oxygen producing 
facilities disclosed that several 1000 ton/ aay/nave been 
designed and two such units have been built. Patents and 
designs for oxygen producing equipment are in the hands of 
a few companies who wish to sell or lease complete plants. 
Therefore it has been decided that facilities for producing 
2000 tons/day of 95 % oxygen will be purchased from a 
suitable company. 

On the basis of a careful survey of the published 
data, the following cost and operating data are recommended 
for use in this report: 


Total Investment (cost of plant, 
completely installed) $ 10,000,000 


Steam requirement (including com- . 
pressors and electric power) 440,000 #/hr. 


Water requirement 1,250,000 gal/hry 
This plant will be built in two 1000 ton/day units. The 
oxygen will be supplied to the synthesis gas section in 
95 % puriyy at 1 atm. pressure and a temperature of 50 °F. 


The cost of} the oxygen , based on a complete cost calculation 


“ineluding all fixed charges and operating costs for the 


oxygen plant, is $4.00 per ton. 
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Design of Plant for Removal of HoeS from Natural Gas 


. Because of the poisoning effect of sulfur compounds 
on catalytic agents it is necessary to reduce the HoS con- 
centration from 0.002 moles per mole of gas to 1.6 X 1076 
moles per mole of gas, Further removal of sulfur is useless 
because at this lower concentration the rate of catalyst loss 
due to sulfur poisoning is far below the normal rete of de- 
terioration. 

The HpS is to be removed from 6.2 X 10’ SCF/Day 
ieee: | by absorption in 50% diethanolamine solution 
(D.E.A.). This flow rate corresponds to 14.3 moles/hr. of 
HoS or 11,660 Lb/Day. | 

The natural ges enters end leaves the surge tank 
(Fig. 1 Page 5 ) at 320 psia, 95°F, saturated with water vapor. 
From the surge tank it passes to the HoS absorber (Fig. 2 
Page 6 ) which operates isothermally at 95°F, 320 psia. The 
HoS free ges leaves the tower at 515 psia and passes to the 
cyclone separator (Fig. 3 Page 7 ) where any entrained D.E.A, 
is removed. The ges then passes to the synthesis ges reactor. 
The HjS rich D.E.A, is heated in an exchanger (Fig. 
A Page 8 ) using 30 psig steam to 205°C, The hot solution 
is then throttled to low pressure and passes to the stripping 
tower (Fig. 5 Page 9 ) where the HoS is stripped out of the 
solution by steam distillation. The lean D.E.A. solution 
leaves the bottom of the tower at 230°F and passes to the 
surge tank (Fig. 6 Page 10) where weter and D.E.A, losses are 
made up. The solution is then pumved at 350 psia to the cooler 
(Fig. 7 Page 11) where it is cooled to 95°F before being re- 


turned to the absorvtion tower, 
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The vapor from the stripping tower is sent to a 
pertial condenser (Fig. 8 Page 12) where 98% of the conden- 
sible vapor is removed. The effluent gas containing 90% 

HoS and 10% HeO is sent to the furnace for disposal. 

A flow diagram for the HoS removal plant is included 
(page 3). Design calculations for individual pieces ere 
contained in the appendix (vagesA-2 tof-##); cost calculations 
(pages A-4stoA-S/). A summary of investment costs, yearly costs, 


and hourly operating costs is given on (page 4 ). 
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COST SUMMARY 
| UNIT 

a 

D. E. A. Surge Tank 

Feed Gas Surge Tank 

Absorption Tower 

Stripoing Tower 

Reboiler 

D.E.A. Heater 

D.E.A. Cooler 

Condenser 

Main Pump 

Reflux Pump 

Cyclone 

Basic Cost 

Dixitiary Equipment 


Constructed Cost 


Yearly interest, Taxes, 
Insurance, & Overhead 


TOTAL YEARLY COST 


Hourly Operating Cost 


ITEM 
Cooling water 
Power 
Operators 
D.E.A. (Make up) 


Fixed charges 


TOTAL HOURLY COST 


/ 


INVEST- DEPRECIATION cost 
MENT PER YEAR PER YEAR 
$ fe % 
940 5 47.00 
8,650 5 432.00 
34,100 6-2/3 2,270.00 
20,150 6-2/3 1,343.00 
2,465 6-2/3 164.00 
ay We 6-2/3 25.00 
i 7ee 6-2/3 115.00 
2,455 6-2/3 164.00 
1,260 6-2/3 84.00 
540. 6-2/3 36.00 
4,104 5 205.00 
76,763 4,885.00 
23,030 6-2/3 fe550,.00 
99,793 6,420.00 


11,976.00 _ 

$L8,396.00 
Cost 
$/hr. 
0.567 
0.059 
2.000 
DELS, 
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Natural Gas 

135 Bbe/ lies 
2.57 X 106 scr/hr. 
320 psia, 95°F 
saturated with H50 


Height 

Diameter 

Volume 

Wall Thickness 
Weight 

Cost (installed) 


135,000 Lb./hr. 
320 psia, 95°F 
saturated with HoO 


Tonto. 

10 ft. 

1178 cu. ft. 
1.35 in. 
34,600 Lb. 
$8 , 650 .00 


NATURAL GAS SURGE TANK 
a GRAB. 8 


a 
. Tee pares SS 
og it tw Bets coral 
7 
pas 


ot ve 89 oi 
} eat ig 

dd ie 
bai OF 


Nat'l Gas 320 psia 


Nat'l Gas (HoS Free) 


4,514 : i | | 
peel e Lb Abt) Slo pele | 50% D.E.A. Solution 95°F 
: . 
95°F saturated with Hoe0 FG — — -— — — 13,610 Lb/hr, 314 psia 


oad 


glk Jo } MORAY Wp aos fet oreraa at vances cadet bp tanetocem tee 50% D.E.A. Solution 
135,000 Lb/hr. : 
95°F saturated with Ho0 14,096 Lb/hr. 95°F 


Height Ad aus ay 

No. of Plates rot 

Tray spacing 24 in, 
Diameter Perak ie 
Wall Thickness i are 0 
Weight 58,500 .1b. 


Cost (installed) $34,100.00 


HpS ABSORPTION TOWER 
|ipe SR 


-/6- 


Throughput--~-134,514Lb/hr. 
Nat'l Gas 

Minimum size droplets 

removed-~-20 Microns 

Pressure Drop--3 psi 

Wall Thickness--0.625 in, 

Weight--5130 Lb. 

Cost (installed) --$4,104 


CYCLONE SEPARATOR 
Fig. 3 
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1455 Lb/hr. Steam 


\ 30 psig, 274°R 
Enthalpy 1172 Btu/Lb. 


Length 

Tubes 

Passes 

Area 

Heat Load 

Average Coefficient 
At (mean) 

Pressure Drop 

Cost (installed) 
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1455 Lb/hr. HoO 
30 psig, 274°R . 
Enthalpy 243 Btu/Lb. 


20, # in. X 18 B.W.G, 
2, 10 tubes per pass 

18.9 sq. ft. (inside) 

1,350,000 Btu/hr. 


693 Btu/hr.°F sa. ft. 


1 SO 


5.0 psi. 
$377 .0O0 


DIET HANOLAMINE HEATER 


Fig. 4 


=“/f - 


(inside) 


14,096 Lb/hr. D.E.A, 
95°F, 320 psia 
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Hos + He0 2786 Lb/hr Sa oe.) 
To condenser 


Reflux 2270 Lb/hr. 


14,096 Lb/hr Ho5S Rich DEA 


205°F 18 psia a 
{| 


|_16452 Lb/nr Liquid 
——— SORTASE Goss oe 


tae it cen Te so rebotler 

| Lb/hr Steam. __ 
230°F 18 psia 

1358 

2300F 18 pein 


me mae — a 


Lean.D.E.A, 
13,580 Lb/hr. 230°F 


Height 125 ft. 


No, of Plates 27 

Tray spacing 24 in, 
Diameter oO BS. 
Weight 13,800 Lb. 


Cost (installed) $20,150.00 


D.E.A. STRIPPING TOWER 


Pig. 5 
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13,610 Lb/hr. D.B.al 
Se ~<a _ ae peeionetegia: 
250°F 1 Atm 


Height PO LG. 
Diameter ro ft. 
Volume a7 Gor ew. seo. 
Wall Thickness Oeeco in, 
Weight o7o0 lb. 


Cost (installed) $940.00 


DIETHANOLAMINE SURGE TANK 


Figs 6 
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13,580 Lb/hr D.EB.A. 


230°F 1 Atm 


~4,9.0 uf\dl 08¢ 
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33,060 Lb/hr. HO 


80°F | 


13610 Lb/hr D.E.A 
——— 
95°F 329 psia 


1356104Lb/Hr.t DA. 
en 


RIE a NAT 


230°F 350 psia 
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D.E.A. Cooler 
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Main Compressors 


The main oxygen and natural gas compressors 
will be multi-stage, turbine driven, centrifugal 
compressors of an advanced design. The oxygen compressor 
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Water Gas Shift Reactors 


Based on the calculations and references given 
below the following data have been preparedefor the water 


gas shift reactors. 


Investment cost (including supports, 
foundation and installation $ 100,000 
Om o Oe itoatk’ o ad chang a” cueret ‘ 


Steam requirement (680 psia and 


500°F, ) 20,000 #/hr. 
Materials costs ( for replacement | 

of the iron oxide catalyst) $1600 /yr. 
Number of operators per shift i 


Nine identical reactors will be built; eight being required 
to process the normal load of gas and the ninth being a 


spare. The design data for each reactor are 


> Shell: 


Height 38 ft. 
Diameter (insideJj Sof, 
Thickness ire he 
Material steel a 
Tubes: 
Length 35 ft. 
Diameter (inside) 4,026 in. 
Thickness 6.2357 in. 


Material schedule no. 40 std. steel pipe 


Number per reactor YO. 
Catalyst: 
Volume of catalyst 160 cu. ft, 
) Space velocity (volume basis) 500 /hr. 
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Composition: 


Compound weight % 
Feo0 54 

ue Or “7 
KoCr203 7 
AlsO 

Naoo 

SOz 22 

COs 

Ho0 


Size (avg. diam. ) 07125 in. 
The reactors are of shell and tube design with the catalyst 
contained in the tubes and the gases being preheated in 
the shell side pass. The reaction steam is provided through 
a steam injector in order to mix it well and to recover the 
pressure available in it. It is assumed that the pressure 
rise in the injector pump wiil be large enough th balance 
the pressure losses through the reactor, 

The following flow sheet contains all of the 
pertinent flow data. The stream compositions are as 
follows: 

Component volume % 
Stream A 
CO 30 
Ho 58 
COs. 0 
Ho 5 
CH, 0 
No 1 
Stream B 
Cé as 
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C02 20. 
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Flow Sheet for One Shift Reactor 
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Calculations 


Incoming gas stream composition 


Component mols/hr. volume % 
CO 680 55.9 
He LisSz 08.9 
COs re 0.9 
Hod) 100 5.0 

2 
chi, 2 0.1 
No 24 1.2 
2006 100.0 


The requirement is to convert 90% of the co 
entering to COo by treatment with steam in the presence of 
a catalyst, which results in the production of Ho by the 
water gas shift reaction 

CO + Hs0 = C05 + He 
Therefore 612 mols/hr. of CO must be converted. 

The gas enters the injector at 210 °F and is 
heated to the saturation temperature of the steam after 
expansion through the injector nozzle, by comdensation of 
some of the steam. The mixed gas and steam then passes 
through the shell side of the reactor where it is heated 
to the temperature of the catalyst bed. 

The reaction temperature will be determined by 
the amount of gas passing through the reactor in the following 
manner. The amount of steam added is dependent upon the 
temperature of the reactor, since the lower the reaction 
temperature, the higher the equilibrium constant for the 
reaction and the smaller the amount of steam required to 
obtain theedesired conversion. However, the lower the 
reaction temperature is, the higher the heat of reaction 


which is exothermic. As designed, all of the heat released 


-~{/390- 


‘aN lel 9 ae re Hanes vor te 
a ’ 1 rt ore, ht iy yi Ara q Any x ; 
Th i tps vie” Bike 
Aa j : A. * ie bis. 
i ne ty) itt 
A ot i 
| th . | i 


z 
@ 
g, 
0. 
i 
& 


* 
cS 


Od 
© ba To ROG teens of ss Snonettupor air sett At 

to sonseetg en} mt rine at iw tnemiasrd ve 00 ‘ot pataedas 
oat Yd oh ‘to aksh udi edt at etivest dotsw ar . 


A . VP) Lig “nodose: $tide aay ave ae ie 

gt + 0D = Og +09 Re 

ad x9vHOD sd ¥en 00 to" -td\eLos S18. suototeat Me ¢ ‘4 

Bi Sos < OLS te catostat ods etetae as3 ont iy ify 


dedi masta of? to erutexoqued mo htetuise anit ot petacd i. : vo 1 
we i 


) oe no bisenetane vd ,olssom rodootnt ont davotds mot a | 

RSaSg aosit mised & baa 263 bexta oafT amBete ould to noe iY f 7 Ve a i 

hoddad. at fe) Sten tos 98eT. orld 3) obte Lerte. od dauortt ‘i 
bed toutsteo. odd ‘Yo sxutersqued ede of bo i 

fee 


i 
le 1 
‘ 


ae pewiaeat ah ed Stow trutexbanet + noivoess ‘oat he . ae ; 


Ay ) ay 


astd ogy snmsig sth a hi | ob 
ap igones, aft ‘mows, bails wee , | 
| ond ~0% desad anioo ox SrtA HD Wi 
ot bers qsapen: santa 20 


b y the reaction must be used by heating the gases and 
steam up to the reaction temperature, Yhe amount of gas 
to be heated is a constant, while the amount of steam varies 
depending on the reaction temperature. The proper amount 
of steam is that which when mixed with the gases will 
require just as much heat as is released by the reattion, 
In order that this calculation be facilitated, the 
following distinct steps in the process were imagined: 

(1) Steam at 680 psia and 500 °F is expanded 
through the injector nozzle to the pressure 
of the incomingngas, 300psia. Eff. 85% 

(2) Steam is expanded to its partial pressure 
in the steam and gas mixture with an efficiency 
of 60-4: 

(3) Gas is heated from 210 °F to the saturation 
temperature of the steam after expansion by 
condensation of some steam. 

(4) Steam and gas mixture is heated to the 
temperature of the catalyst bed by passing 
through the shell side of: the reactor. 

(5) Mixture reacts in contact with the catalyst 
to produce heat which is transferred to the 


incoming stream in step (4) 
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Urbana, Illinois 
May 31, 1950 


Dr. H. F. Johnstone 
Division of Chemical Engineering 
University of Illinois 

Urbana, Illineis 

Dear Sir: 

The following report includes all design specifications 
and costs for the section of a Fischer-Tropsch synthesis plant 
required for production of products from synthesis gas. 

Any further information. desired will gladly be 


furnished upon request. 


Very truly yours, 


Rebel B. Fecod 


Robert). Fe did 
Reactor Nesign Group 
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REACTOR DESIGN 


Summary . ve 


It is hardly necessary to mention that the success of any 


Fe 
chemical plant depends to a large extent~upon the design and~ 


operation of e reactors. [t is ry probably due to this 


fact, however, thas the litergture on the products from the 
hk ele ea, the design efreactor, and the efirects of the 
operating variables ne products is so limited and vague.| 


Flor this reason th 


made any attempts at selection of an economic™ 
most impossible. The values used, however, are thou 


Lo be in almost every case somewhere near those being used or 


oP esc CAPLET 
a alate 


ated in actual plants. oo." 


The reactor system wili consist of 4 fluidized reactors 
11 ft. in diameter and 42 ft. high with 2.52 in. steel walls. 
They contain 2 in. chrome-manganese steam pipes to remove the 
heat liberated in the reactors. The reactors operate at 
300 psia and 600° F. with a ratio of recy cle to iresh feed of 
3 tol. 91,644 lbs./hr. of liquid product “including hydro- 
carbons, water soluble, and oil soluble chemicals are produced 
from 23,230.5 mols/hr. of synthesis gas. The catalyst used 
will be iron mill scale reduced to an everage particie size 
of 33 micron diameter. 136,800 lbs. of 680 psia steam are 
produced in the reactor per hour. Rach reactor is fitted 


with a bank of multiclones to remove 95 per cent of the 
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5 micron diameter particles entrained in the product stream 
from the reactor. 

The information on regeneration of Fischer-Tropsch cata- 
lysts is even more sketchy and vague than that on the reactors. 
In view of this, a regenerator has been designed which will 
remove carbon and wax from the catalyst by burning with air 
at atmospheric pressure and spproximately 1200° F. The ‘small 
amount of catalyst circulated per hour due to the smali amount 
of fouling expected makes the recovery of any heat from the 
regenerator uneconomical. It must be emphasized, however, that 
the actual regeneration might be carried out in other ways or 
possibly would not be necessary or economical at all. Other 
methods mentioned are washing with oil and treating with 
hydrogen at elevated temperatures. It is felt that the regen- 
erator as designed would be feasible for the latter method. 

The total installed cost of the reactor system is estimated 
at $1,024,140. The operating eost exclusive of materials and 
compressor power 1s estimated at $158,114 per year, or 8.55¢ 


per barrel. 
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GIPMAARY OF MATERIAL BALANCE 


#/nr. mols/hr. 
Wrest Peed Vs. f)6 f ese we we 281,092 23,830 
RGGyCLO@Cw SST re oe oe we es 1,500,120 75,018 
Regenerated ¢ Fresh Catzlyst . .- 183,300 3,285 
Water from Catalyst Reduction. . 8 , 000 500 
Total tompasdtorss «2,6 404. 6s, 1,972,512 LOBSLSS 
Effluent of Reactors . . ++ «ss 1,789,212 90,054 
Catalyst to Regenerator. . - «+ - 183, 500 5,285 

1,972,512 93,559 


SUMMARY OF ENERGY BALANCE 


All enthalpies referred to compounds 
32° F. and 1 atmosphere. 


Fresh Feed -. .- « « e« « L6G2 sae tertal 


Recycle Stream . - - + + 2+ © es © © & 


Regenerated Catalyst Stream. .. - 


Heat OL Reaetion <« . « « © © 2 « s 3 


Total Enthalp, Entering or Produced 
Reactors 

Enthalpy of Product Stream . ...- - 
Enthalpy of Catalyst to Regenerator. 


Enthalpy of Steam from Reactors. « .- 


in natural state at 
Btu/hr. 
‘aad, . B.asSB90}600 
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Reactors .. 
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Instruments. 
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SUMMARY OF 


TOTAL SQUIPMENT. . - «© -« 


Installation . 


INSTALLED EHQUIPMENT. « - 


Nepreciation . 


Taxes, Insurance, Htc. . 


POOL eas) as 


Fresh Catalyst ...-..- . 


TOTAL OPERATING (less materials and 


power ) 


Cost 


¢# 425,200 
$ 2,953 
Vm ocd sete 
¢ 10,000 
# 3,820 


$ 21,900 


¢ 512,070 
¢ 512,070 
41,024,140 


$ 51,207/yr. 


& 51, 20770 
# 52,500/yr. 
$ 1,200/yr. 
Se 156, 114/yr-. 
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INTRODU TION 


Considerable interest has been show recently in the possibility 
of developing a process for making gasoline from natural gas at a cost 
competitive with the cost of gasoline from crude oil. Such a process 
would make natural gas this country's first important source of fuel 
independent of petroleum. The need for a substitute oil source is 
continually growing as the withdrawals from our crude-oil reserves 
continue to exceed the rate of discrovery of new fields. World War II 
naturally aggravated the situation immensely, but it remains a problem 
of real concern during the post war period because of our annually 
increasing rate of consumption. Just how long it will be before we face 
a really serious crude-oil shortage is a matter of conjecture, but the 
fact still remains: our oil reserves are dwindling. 

The proven reserve of natural gas, has on the other hand, increased 
materially in eeene ei and there are indications that this trend 
will continue for some mee In fact, the present production rate 
is only half the discovery rate. If the production rate were doubled, 
according to Keith (1), approximating the rate of discovery, and if 
this increased production were converted to gasoline and oil, the motor- 
fuel production would be stepped up 25 per cent. Therefore, with a 
satisfactory natural gas—to-gasoline process like the Fischer-Tropsch 
process, it is evident that natural gas could become an important factor 


in the country's oil economy. 
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GENERAL DISCUSSION 


History of the Process 


In reviewing the history of synthetic gasoline, it is convenient 
to treat separately (1) the manufacture of the carbon monoxide and 
hydrogen mixture, and (2) the reaction of this mixture to produce 
gasoline and other hydrocarbons. This discussion will deal with the 
latter since the former will be amply covered by the gas synthesis 
group. 

The catalytic reduction of carbon monoxide with hydrogen to produce 
hydrocarbons has been known since 1902 when Sabatier, the great French 
experimentalist, synthesized methane over Cobalt and Nickel catalysts 
at 00° - 600° F. In 1913, the Badische Anilin Soda-Fabrik disclosed 
that hydrogen and carbon monoxide would react at 100 - 200 atmospheres 
pressures in the presence of alkali-activated cobalt or osmium oxide 
supported on asbestos to form a liquid product containing alcohols, 
aldehydes, ketones, fatty acids, and some saturated and unsaturated 
aliphatic hydrocarbons. This work led eventually to the development of 
the methanol synthesis by the same company. In 1932, Franz Fischer 
and Hans Tropsch (2) working in the fuel research laboratories of the 
Kaiser Wilhelm Institute, found that alkalized iron turnings catalyzed 
the production of an oily liquid from hydrogen and carbon monoxide at 
100 - 150 atmospheres pressure and 325° - 25° C. This product was 
walled synthol, and contained alcohols, acids, aldehydes, ketones, 
esters, and hydrocarbons. Fischer and Tropsch found that, at lower 


pressures of about 7 atmospheres, the oil obtained was almost completely 
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paraffinic and contained a small fraction only of oxygenated organic 
compounds. At the lower pressure, however, only a very low yield of 
oil was obtained. 

Working under the auspices of the Ruhrchemie A. G., Fischer and 
his associates (3) examined hundreds of catalysts and finally concluded 
that cobalt, nickel, iron, and ruthenium constituted the most active 
metals and that thoria and the oxides of other rare earths were good 
prometers. It was further shown that the presence of some alkali was 
desirable and that kieselguhr was the best support or carrier of the 
active ingredients. 

By 1933, the process was considered to be well enough developed 
to build a commercial unit. Therefore, Ruhitchemie constructed a 
plant at Oberhausen - Holten with a rated capacity of 1,000 metric tons 
per year (equivalent to 8,000 )2-gal. bbl.) of motor fuel and lubricating 
oil. The first catalyst used was a nickel-manganese-aluminum oxide 
mixture on kieselguhr; this was later supplanted by a cobalt-thoria- 
kieselguhr mixture. This plant, like others which followed it, had many 
inefficiencies which could be tolerated mly umer a structure suppor ted 
by government subsidy. Among the early shortcomings of these plants 
especially with regards to the reactor were the following: 

1. The catalyst was extremely sensitive and had to be broken 

in very slowly according to a rigorous schedule. 
2. The initial cost of the catalyst was high and reworking was 
expensive. 
3. The catalyst was rapidly poisoned by small traces of sulfur. 


h. Catalyst life was limited to 6-8 weeks, due in part to 
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accumulation of high-melting-point waxes on the surface. 
Conversion of carbon monoxide to useful products, was only 
about O per cent of the theoretical, despite the use of 

low space velocities (maximum of 100 volumes of carbon 
monoxide per hour per volume of catalyst). 

The yield of oil per unit of catalyst per unit of time was 
low, due to the low space velocity, which in turn was limited 
by the capacity for removal of the heat of reaction. 

The reactors were comlicated, extended surface exchangers, 
with cooling surfaces no farther than 12-15 mm. from any part 
of the catalyst. Since the process was operated at atmospheric 
pressure, the reactors were necessarily large. 

Recovery of heat of reaction as useful power was low. 

The gasoline produced had an octane number of about lO, too 
low to permit its use as a motor fuel wit hout additional 


treatment. 


From a study of the German designs and operating data, it becomes 


clear that the only way to lower the cost of the process is to improve 


the efficiency. The Fischer-Tropsch process is fundamentally sound, 


but the German process was lacking in good engineering design. Improving 


the design involves finding a cheaper and more efficient means of heat 


transfer and a catalyst that would operate at a higher space velocity, 


the catalyst and the reactor design being inter-dependent. 
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Synthesis Mechanism and Carbon Formation 


Formation of carbon on iron and iron-copper catalysts by the 


reaction 2CO = CO, + C has been studied by various investigators (l). 
The most significant result of this work (in so far as the Fischer- 
Tropsch synthesis is concerned) is the fact that neither an iron-free 
nor a copper-free carbon deposit was obtained. These facts imicate 
that carbon is deposited in the crystal lattice of the catalyst, and 
the inability to obtain a copper—free carbon deposit from tests with 
an iron-copper catalyst shows that iron carbonyl formation will not 
explain the results. It is very probable that carbon is formed from 
carbon monoxide by way of iron carbide as an intermediate, Carbidic 
carbon diffuses rapidly throughout the crystal lattice and subsequently 
decomposes to yield elemental carbon, thus disrupting the lattice 
structure. 

Pichler and Merkel (5) at the Kaiser Wilhelm Institut fur 
Kohlenforschung showed that extensive conversion of iron catalysts 
to the carbide Fe, C results in a highly active and durable Fischer- 
Tropsch catalyst. High hydrogen to carbon monoxide ratios in the feed 
gas reduce the rate of carbon formation. Alkalized iron catalystsform 
elemental carbon more rapidly than those containing little or no alkali. 

If one assumes that formation of elemental carbon occurs by way of 
some form of iron carbide as an intermediate, the fact that increasing 
the hydrogen to carbon monoxide ratio in the synthesis gas reduces the 
rate of carbon formation may be explained in either of two ways: 

1. The hydrocarbon synthesis and the formation of elemental 


carbon are competing for the available supply of carbide. 
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Higher partial pressures of hydrogen are known to increase the 
rate of hydrocarbon synthesis, and therefore the rate of elemental 
carbon formation would be expected to decrease with increase of 
hydrogen to carbon monoxide ratio. This explanation assumes 

that bulk carbide (as distinguished from surface carbide) is a 
necessary intermediate in the Fischer-Tropsch synthesis. As 
shown by Perentieore of Emmett and his associates (5) using 
radioactive carbon as a tracer, this assumption is very probably 
incorrect. 

Formation of carbon-to-carbon bonds in the lattice of the 
catalyst must occur to obtain elemental carbon from metal 
carbide. If the diffusion of carbidic carbon to nuclei where 
such carbon-to-carbon bonding has started is retarded by 
penetration of the lattice by atomic hydrogen, the rate of 
elemental carbon formation would decrease with increasing partial 
pressure of hydrogen. This explanatim, based on rate of 
diffusion of carbidic carbon in the lattice, may serve also to 
account for the effect of alkali and other promoters or 
impurities. Thus the presence of alkali tends to preserve a 
structure similar to that of the spinels, and it is possible that 
carbidic carbon diffuses more readily through such a lattice than 


through that obtained when little or no alkali is present. 
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Overall Economics 


An analysis of the Fischer-Tropsch overall economics seems to 


indicate: (8) 


1. 
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The plant should be located close to a large gas reserve. 
Approximately 11,000 cu. ft. of natural gas are required to 
produce 1 bbl. of liquid hydrocarbon product. Foreseeable 

gas reserves should at least equal 10 years’ plant requirements. 
The plant should be located on water to achieve lowest-cost 
transportation for both kinds of products -~- hydrocarbons and 
chemical compounds. Location on the Gulf Coast, providing water 
transportation to the industries of the East Coast and to the 
upper Mississippi Valley would be quite advantageous. 

The plant should be operated in conjunction with a petroleum 
refinery to assure constant availability of skilled technical 
personnel for general supervision, and for joint utilization 

of existing refining and distributing facilities. 

Conservation regulations of various states will enforce gas-oil 
ratios. Continued satisfactory operation of a Fischer-Tropsch 
plant, requiring large volumes of natural gas, would necessitate 
the location near to a presently operating oil refinery to handle 
the large quantities of oil produced under these gas-oil ratios. 
A complete Fischer-Tropsch plant to produce a large volume of 


liquid oe OnE? it is presently estimated, would have 6n 
4 fy, 


a fa 


adortization of pero eatery 8 years. A combined Fischer- 


Tropsch and chemical plant wuld have an/amértisdeion of 3 years. 
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This acceleration in financiel return is due to increased 
values of the chemical compounds over the values of the 
hydrocarbons. 

6. Initial calculations have indicated that operating costs for the 
separation and the recovery of the chemical compounds are low, 
regardless of the assumed initial value of the by-product 
stream from the manufacture of the liquid hydrocarbons. 

7. Even though the total volume of oxygenated compounds produced 
from any one plant constitutes a small percentage of the total 
postwar consumption of the chemical industry, the operation of 
many such plants by the petroleum industry might saturate the 
market for such chemical compounds and would adversely affect 
the profitability of such plants. 

Evaluated under present economic circumstances, the factors of 
investment, of gas reserves, of cheap transportation, of marketing 
considerations, and of umerstanding the chemical industries, will create 
limitations which will undoubtedly serve to caution the widespread 
participation by many oil companies. 

In developing a preliminary design for a plant utilising the 
Fischer-Tropsch process, the selection of a reactor and catalyst is the 
final step. The much lower cost of iron and its greater availability 
seems to indicate strongly its use. As all plants projected in this 
country have selected iron as a catalyst it will be used here. The type 


of reactor to be used will be considered next. 
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Catalyst and Reactor Selection 


The catalyst temperature must be controlled within 25°F to 
maintain activity and product distribution, a minimum quantity of 
cooling surface must be provided therefore on the basis of a reasonable 
transfer rate. This in turn fixes the maximum space velocity 
allowable, assuming that the catalyst activity is not limiting. For 
example, the heat liberation for 90 per cent reaction of 1 cu. ft. 
of synthesis gas is about 55 B.T.U.; at a space velocity of 100 the 
hourly duty would be 5,500 B.T.U. per cubic foot of catalyst space. 
With a transfer rate of 10 B.T.U./ sq.ft./ hr./ °F. and a mean temperature 
difference of 10°F., the cooling surface required would be 55 sq. ft. 

It is fairly obvious, then, why space velocity in such a reactor 
as the Germans designed is definitely limited. Raising it will increase 
the heat load, am therefore the temperature so that either product 
distribution will suffer (i.e., fixed gas production will increase) or 
the catalyst will coke up. Also, even umer ideal conditions in such 
a system, localized hot spots may still occur. In fact, there is 
experimental evidence that the time catalyst temperature in a fixed- 
bed system is at least 75° - 100°F higher than the observed gas 
temperatures am that at isolated points it is higher. 

Since catalyst activity is seldom the limiting factor, the space- 
time yield of oil becomes potentially much greater than has ever been 
realized with more adequate heat removal. From a review of the 
American petroleum industry, especially the "catalytic crackers" one 


possible method of improving markedly the space-time yield of oil is 
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to use the "fluidized catalyst" technique. Catalyst, ground to a 

very fine powder (approximately 75 - 80 per cent finer than 325 mesh) 

is maintained in a state of turbulence by aeration with regulated 
quantities of gas. When the powder is properly prepared, it canbe 
aerated or partially suspended by the gas and assumes many of the 
properties of a boiling liquid. For example, there is a constant 

motion of the particles, and while the surface of the bed of powder 

is reasonably fixed, local eruption of bubbles are evident. Further- 
more, the powder flows freely, exerts a static head, ard is compressible. 

Among the advantages of the fluid caalyst technique are: 

(1) temperatures can be controlled within 5° ~ 10° F.; (2) the catalyst 
itself is utilized as a medium of heat transfer; and (3) processes 
using the fluid catalyst are continuous, since any decline in activity 
can be compensated by withdrawal of a portion of the catalyst and 

the replacement with fresh mterial. The fluid catalyst also allows 
regeneration of a fraction of the catalyst without any costly work 
stoppages. Thus the stream efficiency will be much higher than with 
the fixed bed catalyst. 

However, the fluid catalyst technique also brings with it certain 
problems. The reactor designed for the fluidized catalyst must be able 
to withstand the abrasive action of the catalyst at the prevailing 
pressure and tenpera ture. This entails a construction with high cost 
special steel. Also to provide for mximum fluidi,ation and minimum 
pressure drop through the reactor careful attention must be given to 
the placement of the heat removal elements in the reactor. Obviously 


the surface area of the heat exchanger is fixed since ‘the amount of 
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heat to be removed is a constant for a given Recough pave However, an 
economic balance wuld have to be made to determine the optimum pipe 
si,e which will best fulfill the previously mentioned requirements. 

The size of each reactor and thus in turn the total number of 
reactors is determined from economic considerations. Factors of 
pressure, temperature, additional supporting structure, diameter, 
height, ard thickness must all be considered in the final cost 
evaluation. The optimum reactor volume under these considerations has 
been found to be approximately 3500 cu. ft. 

The heat removal from each reactor presents numerous other problems 
besides the optimum size of piping. High pressure steam is generated 
in the heat exchanger. Considerable economics is involved to determine 
the optimum pressure and quality of steam which should be obtained 
from this heat exchanger. The requirements of various turbines, 
compressors, and other steam operating devices must be established and 
the steam output of the heat exchanger fitted accordingly. Obviously 
if high pressure steam is obtained the /\t will te less and consequently 
the overall heat transfer will be less. On the other hand, the turbines 
cannot be operated efficiently, if at all, with low pressure steam. 

Consideration must also be given to the heat removal from the 
reactor other than by the heat exchanger. The possibility that it is 
more economical to remove part of the heat from the catalyst regeneration 
stream or from either the recycle or fresh gas stream certainly exists. 
Only an economic balance here will give the answer. The overall heat 
transfer coefficient will be the same in the catalyst regeneration stream 


as it is in the reactor provided the pressure is kept constant. Otherwise 
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at a lower pressure, the coefficient is also lower. This also raises 
another question as to whether the regeneration unit should be operated 
at the same pressure as the reactor or at some other pressure. Both 
methods have certain advantages and disadvantages. Compression of the 
reducing gas used in the catalyst regenerator is an important phase to 
be considered since regeneration requires 20 volumes of reducing gas to 
1 volume of catalyst. 

The last major problem concerns itself with the catalyst. Only 
an estimate can be made upon the catalyst attrition. The design of the 
catalyst separator, however, as well as the catalyst makeup is affected 
by this estimate. To complete the economics on the catalyst an examination 
must be made to determine the optimum per cent of catalyst which is to 
be regenerated per unit time and the advisability of removing the waxes 
on the catalyst along with the carbon in the regenerator unit or 
removing them in a special dewaxing unit. Both coke and wax deposition 
affect the activity of the catalyst directly. 

The use of variais purities of liquid oxygen in the original 
preparation of the synthesis gas has a direct bearing on the amount of 
bleed in the recycle stream. A balance between the increased cost of 
higher purity oxygen and smaller volume of bleed and accordingly higher 
amounts of product is highly essential to obtain the lowest possible 
cost for liquid hydrocarbons by the Fischer-Trovsch process. Other 
diluents in the recycle stream must be considered also, but none affect: 
the final outcome as much as the mitrogen impurity in the liquid oxygen. 

The dt mun temperature and pressure inside the reactor is more or 


5 , less fixed by the catalyst used and the products desired. The pressure 
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and temperature of the recycle and fresh feeds is set by economic 
working comitions of the products separation group and the gas 


synthesis group espe ctively. 
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Discussion And Determination of Fischer-Tropsch Product 


Composition Using An Activated Iron Catalyst 


The determination of the product camposition from the Fischer- 
Tropsch process under design is the result of many comparisons in 
the literature to obtain the activated iron catalyst with the best 
qualities. Information on the iron catalyst is quite general, but an 
integration of results from the German organizations of Kaiser Wilhelm 
Institute, Lurgi, Brabag, I. G. Farbenindustrie, Ruhrchemie, and 
Rheinpreussen and the American organizations of Hydroco1t, Kellog, 
Stanolind, andthe Bureau of Mines has given the results shown below. 
The best catalyst reported was a doubly promoted synthetic ammonia 
catalyst, Fe, 0) Al, 0, Se (97, 2.5 and 0.5% respectively). 

Information concerning a fluidized iron catalyst process similar 
to this one is given by Storch (7). For a temperature of 300-320°C 
and a pressure of 20 atmospheres the space time yield* of C. + is 
181 bb1/1000 cu. ft./ day and the liquid product distribution is 
respectively 75% gasoline, 15% Diesel oil, 1% wax, and 9% alcohols 
and acids, These crude approximtions were modified where more specific 
information was available and broken down into various components. 

From the information on the results of the lurgi catalyst the 
olefinic content of the oil and gasoline were established, The Lurgi 


recycle operation gives a low output of alcohols. Since this was not 


* Weight of total product excluding methane, ethane, and ethylene, 
per volume of catalyst per unit time. 
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consistent with the fluidized iron catalyst product it was increased. 
The weight percents established from this catalyst agree very well 
with results published ene Bureau of Mines (8). 

The Fischer-Tropsch product with this revision now has the 
following weight percent composition: * 


Table I Weight Per Cent 


Fischer-Tropsch Product Composition 


Product : Weight % % Olefins 
Cy + Co 16 -- 
C3 ~ C), 19 70 
Gasoline h2 75 
Diesel Oil 12 60 
Wax ai -— 
Oil and Water Soluble 10 ~- 
Chemicals 


The oil and water soluble chemicals may be further classified into 
various alcohols, esters, ketones, aldehydes, etc.. Typical chemical 
yields from the hydrocarbon synthesis are given by Eliot, Goddin, and 
Pace (12). It should be stressed that these yields given below are 
restricted to synthesis conducted over a fluidized iron catalyst derived 
from mill scale at temperatures of 550° - 650°F and a pressure of 300 
psia. (These are the operat ing conditions of the reactor used in this 
design). Distribution of individual water-soluble chemicals is shown, 


while oil-soluble chemicals are presented by classes. 
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Table I Typical Chemical Yields in Weight 


Per Cent of Total Chemicals Produced 


Water-Soluble Chemicals 


Alcchols: 
Methanol 
Ethanol 
Isopropanol 
n-Propanol 
Butanols 
Pentanols and higher 


Total alcohols 


Aldehydes: 
Acetaldehyde 
Propionaldehyde 
Putyraldehyde 


Total aldehydes 


Ketones: 
Acetone 
Methyl ethyl ketone 
Methyl propul ketone 
Methyl butyl ketone 


Total ketones 
Acids 
Acetic 
Propronic 


RButyric 
Valeric and higher 


Total acids 
0il-Soluble Chemicals 
Alcohols 
Aldehydes and ketones 
Acids 


Total oil-soluble chemicals 


Per Cent 


biuishte Setar” <9 
wile 


* - _ 1a Goes 
eay . seteck 
; = on’ of .fetise Cotte 

. - hs : * Fires’ >| Dutt at 


7 f ' phot at fydrd Cais 
of FF x ks ot a 


_ 


| . (pisaak «) 
. ‘ i 5 stnosaael 
; - > Pigs 
. ar Right ai abe lae: 
: pe . a abloe inter 


- 


“se 


ent aid eset 7 


wa 


y, 


\) 


It is apparert from this tabulation that the major proportion of 
the oxygenated conpounds is in the low-molecular-weight range, the 
water-soluble chemicals amounting to abot three times the volume of 
oil-soluble chemicals. Alcohols predominate among the water-s oluble 
chemicals, followed by acids and smaller anounts of aldehydes and ketones. 
All classes are predominantly aliphatic. Only traces of unsaturates are 
found. The percentage of branching increases with increase in carbon 
number, and among the branched compounds the sirple 2-methyl isomers 
predominate. | 

The authros (12) have plotted the yields of alcohols amd acids as 
a function of carbon number. The most significant aspects of this plot 
are the smooth yield curve extending through the transition range 
(ol Cc) fran water-to-cil-soluble materials, and occurrence of 
maximum chemical yields in the two-carbon atom range. 

With a knowledge of the weight percent of each component in the 
product, average molecular weights may be assigned to the medi an 


composition. In the case of the Cc) - C, group, the average was weighted 


z£ 
on the methane side because of the predominance of mthane in this group. 
Different molecular weights were assigned to the saturates and unsaturates 
of each group in order to simplify calculations for the product separation 
group. 

The total number of mols of each constiuent in the product and the 
mol per cent by volume follows directly from above using a basis of 


100 pounds of product. The mols of each constituent and the mols of 


Ho» C, and 0, in each cmstituent in the total hourly product are 
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essential for a material balance around the reactor. The usage ratio 
of Hy to CO is also established from the total number of mols of Hp» 
and C in the product. This ratio was found to be 1.18 and is used 
throughout the remainder of the report. 


Tables 3 and are both based on 100 pounds of product. 
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Table 3 Liquid Product Composition 


Product wt Z Av. Mol. Wt. Mo1/100# Product 
C1 - Cy 16 18 0.889 
Cro, . 2 5e7 51 0.112 
CnHon 13.3 h9 0.272 
Gasoline (Cco-Cy,) 
CnHon — 2 10.5 107 0.098 
Enon 31.5 105 0.300 
Diesel Oil (Cy 9-C18) 
Wax (Cy, _) 1.0 282 0.00354 
J Water-Soluble Chemicals 
Alcohols a216 52 0.0723 
(CH : 59) 
Aldehydes 0.75 52 0.01) 
(C,Ho,°) 
Ketones 0.78 60 0.0130 
Acids 1.95 6h, 0.0305 
(CyH2n0) 
Oil-Soluble Chemicals 2.76 116 0.0238 
Total number of moles 1.887 
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Table 3 Continued 

Product Mol C/100# Prod Mol H>/100# Prod 
Cy - Co 1.900 1.890 
03 - ay 

CnHoy ~2 0.392 0.50) 

Cron 0.960 0.960 
Gasoline ( C5-Ci0) 

Cylon ~2 0.735 0.833 

Cynon 2.250 2.250 
Diesel Oil (Cy9-C38) 

CyHon-2 0.334 0.351 

CyHo, 0.522 0.522 
Chemicals 0.43 0.510 

Total 6.707 7.897 


Usage ratio of H to © 
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0.1061 8.2 
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Table Water And Oi1-Soluble Chemical Composition 


Chemical Product 


Water-soluble chemicals 
Alcohols 


(CyHon-20) 

Aldehydes 

(CyHon 0) 

Ketones 

(C,H, ©) 

Acids 

Oil-soluble chemicals 


Total mols 


0.1632 


0.030 
0.0390 


0.060 


0.128 


0.30 


0.2250 


0.0390 


0.9390 


0.060 


0.1428 


0.5098 


Mol C/100# Prod Mol H>/100# Prod Mol 02/100# Prod 


0.0361 


0.0072 


0.0065 


0.0325 


0.0178 _ 


0.1061 
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Preliminary Report From The Reactor Design Group Covering The Material 


Balance Around The Reactor 


Feed Gas Composition: 
The synthesis gas to be used in this Fischer-Tropsch plant supplied 


by the Synthesis Gas group has the following composition: 


Synthesis Gas Constituents Mol 2 Mols/hr. 

co 32.05 7,630.0 

Hy 60.81 14,500.0 

CO, 083 Io fed 

H0 5,00 1,191.0 

Se 209 22.0 

No ee 290.2 

100,00 . 23,830.5 


The Hy with synthesis gas has a ratio of 1.9:1 for the Hy to 
CO ratio. 

The total standard cu. ft./ day of the synthesis pas supplied is 
205,000,000 cu. ft./ day or 


8,541,700 cu. ft./hr synthesis gas supplied to F-T plant. 


2b — 


Synthesis Gas Constituents 
CO 


Cu Ft/hr. 
2,732,000 
5,200,000 
70,800 
4.27 ,000 
7,900 


10), ,000 


8,541, 700 
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ef hr. 


213,500 
29 ,000 
8 5680 
21,430 
ery 


8,130 


281,092 
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Overall Balance: 
Basis: 100 moles of fresh feed. 
Overall balance of 09, Ho, and C. 
Mols Hy in feed. 


60.81 + 5.00 + .18 


65.99 
Mols O, in feed. 

16.02 + .63 + 2.50 = 19.36 
Mols C in feed. 


32.05 + .63 + .09 = 32.97 


Assume? 
90% overall conversion based on CO charged of the 10% not converted 
9% is lost as CO in the bleed and 1% is lost in the reactor as carbon 
on the catalyst. 
The usage ratio of H,:CO is 1.18 to 1 in the product. (This will 
be shown to be a valid assumption in a later discussion.) 
The amount of 05 in moles is .108 mols per 100 mols feed. (This 


will be showm also to be a valid assumption in a later discussion.) 


No. of mols H, available for reaction in the reactor 65.99 - 5.0 = 60.99 
(These are the mols of Hy in the product, bleed, and HO formed) 
No. of moles C available for reaction in the reactor 
32.97 -— (.10)(32.05) - .83 = 28.93 
(These are the mols of C in the product and CO, formed) 
(.09)(32.05) = 2,885 mols C bled as CO 


(.01)(32.05) = .320 mols C used for C deposition on catalyst 
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No. of moles of 05 available for reaction in the reactor 
19.36 ae SAAS = 2.5 oan 83 ae! 2106, = Wes 
eae Sn ee 
this includes the 05 loss in the 
CO bleed, O5 in unreacted Ho0, 


O5 in unreacted C09, and O» in 
the product* (see further discussion) 


Reactor Reaction: 
There are two reactions which predominate in the F-T reactor according 
to an intensive literature review by the reactor design group. These 
ean be listed as, 

CO+ 2H) = (CH), + H,0 (1) 

200 + Hp == (CH), + CO, (2) 
These reactions along with other minor reactions are quite possible 
when using catalysts of either cobalt, iron, nickel, or ruthenium. 
Since this F-T process must compete with petroleum refinery processes 
it is essential to use the most efficient but also the most economical 
catalyst. For American production of hydrocarbons from the F-T process 
it has been found advisable to use the iron catalyst especially when 
designs call for fluidized catalytic units. The exact nature of the 
iron catalyst will not be discussed here. 
First investigations with the iron catalyst were mde by the German 
scientists working at the Kaiser Wilhelm Institut. First results 
showed that reaction (2) was favored by the catalyst by as much as ten 
to one. However, later investigations brought this figure down to 1:1 
and even to 1:3 or 1:h. The latest information from the literature 
from both the Bureau of Mines (Gov't) publications and articles on the 


Carthage F-T plant being built in Brownsville, Texas report that the 
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iron catalyst has been developed now that it duplicates the reaction 

v) selection which the Germans reported for their Gobalt catalyst. Their 
informa tion shows that reaction (1) was favordd to the extent of ten 
times the reaction obtained in reaction (2). Since this is essentially 
going in the right direction for the products desired it has been 
assumed that the 10:1 ratio for the reactions is not unreasonable and 
will duplicate the American F-T process more closely than any other ratio. 
Ratios of 6:1 and 8:1 were investigated but both were discarded in fave 
of the 10:1 ratio because the former ratios incurred larger losses of 
CO and Hy in the bleed with a correspondingly lower yield of hydrocarbon 


product. 


Individual Balances: 
Let for a basis of 100 mols of feed, 


x = mols of H50 formed in reactor 


y = mols of CO, formed in reactor 
z= mols of (CHa , 36) formed in reactor 
w= mols of Hy in the bleed 
Then for the O05 balance, 
4x - y = 1).h8 
w- 1,182" - x = 60.99 
Z2-y = 28.93 


x = 10y for the reaction ratio of equation (1) to 
equation (2) of 10:1 (catalyst selection) 
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Solving the Equations: 


y = 2.1 mols CO, formed in reactor 


zi = 26.55 mols (CH 36) formed in reactor 
w = 5.71 mols Hy in the bleed 

x = 2.13 mols H,0 formed in the reactor 
z = 26.66 mols total product* 


*where z = mols of praduct including the oxygenated cmp'ds in the 
prodvc t. 


Bleed Composition: 


From the above balances it is now nostibie to give the values 
of the bleed stream. This computation assumes that all of the product 
is ondensed out and the H50 removed by A.P. Scheuler and his products 
separation group. That this cannot be done 100% it is fully realized 
and later allowances will have to be made for these traces which are 
not removed, The interest here is primarily to obtain reasonable 
figures which can be used in the direct design of the reactor and 


complimentary equipment. 


Bleed Constituents Mols/100 mols feed Mol %_ 
co, 3.2h 2h, 83 

Ny 1.22 9.35 

Hy 5.71 43.72 

C0), 2.88 Rezn0 

13.05 100.00 


It is noted that the recycle used here will have the same mol % 


composition as the bleed above, 
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Bleed Mols/hr. Std, ft?/hr #'s/nr 
Constituents Proposed Pro pos ed Proposed 

CO. (ers) 277,500 3h, 000 

Ny 290.7 10) 5400 8,150 

Hy oo leG 489,000 selec 

CO 688.0 26,700 195210 

3,113,2 1,117,600 64,142 


Recycle Ratio: 
A study of the Carthage F-T plant reveals that it is proposed to 


operate with a recycle ratio of 2.14 : 1. This indicates that the 
percent conversion per pass cannot be greater than 28.6. However, 

no additional data ae which discusseS the amount of catalyst 
degeneration which can be expected in the reaction. Thus in order to 
have a safety factor of nearly 50% it is proposed to operate at a 
recycle ratio of 3:1. This allows the reactor to produce the desired 
am't of hydrocarbons with a conversion per pass of 22.5%. It is 
believed that the increased costs due to a larger reactor will be 


completely balanced by the less stringent requirements which are 


. placed on the catalyst regeneration unit and the smaller heat exchanger 


unit needed to remove the heat of reaction inside the reactor, 


Recycle Composition: 


For a recycle ratio of 3:1 there will be 300 mols of recycle gas per 


100 mols of feed gas, 


Since the recycle has the same composition as the bleed gas, a direct 


calculation will give the mols of each constituent in the recycle stream. 
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Recycle 
Constituents 


0) co 


Mols/hr. 
Proposed 


17,770 

6,690 
31,22) 
15,807 


71,491 


\ ) Feed to Reactor Composition: 


Reactor Feed 
Constituents 


COn 


Mols/100 mols 
feed 


7h U9 
28.05 
131.16 
66.30 
300 .00 


St'd ft3/hr 
Proposed 


6,370,000 
2,100,000 
11,210,000 


5 670,000 


25,650,000 


Mols/100 mols feed 


Recycle 5 Feed = Total 


7Th.49 + = .83 
28.05 + 1,22 
131.16 + 60.81 
66.30 + 32.05 

«09 


5.00 
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Mol % 
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47.99 
2.59 
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21 
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95,321 


St'd ft/nr 
Proposed 


6h45,000 
2,50),000 
16,420,000 
8,425,000 
8,260 


427,000 


34,229,260 


Reactor Product Composition: 


Reactor Product 
Constituents 


Product 


Mols/100 mols 


Feed + Reaction 


75.32 ¢ 2.h1 
66.30 + 2,88 


1316107 +) Se ia 


5.00 + 24.13 
he ae | 

232 

26.66 
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= Product 
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67.18 
136.87 
29.13 
29.27 
‘gy 
26.66 
367.17 
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195, 300 
91,600 
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370 
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1,747,670 
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2eL6 
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-OO1 
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Mols/hr. St'd ft3/nr #'s/hr 


Proposed Proposed _ Proposed 
18,520 6,650,000 817,000 
16,000 5,740,000 49,000 
32,620 11,710,000 65,291 
6,975 2 5495 ,000 126,00 
6,990 2 550,000 195, 300 
76.3 915 
6,360 2,282,000 91,66) 
87,5h1.3 31, 381,000 1,745,570 


Product Composition: 
The total lbs. of product per 100 mols feed 


(26.55)(1h.36) # (.106)(32) = 38.65 #'s product/100 mol feed 
Since the feed from the synthesis gas production group is 23,830.5 mols/hr, 
the total product in lbs. per har will be 


( 23830-2 ) (38.65) = 91,66, #/hr product. 
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Constituents of Wt. % of Wt of Product Wt of Froduct #/hr 


Products Products #'s per 100 mols feed Proposed 
y C1 - Cy 16 61.50 1,660 
63 -C (CrHoy - 2 5.7 21.95 5 230 
(CpHon tgs 51.22 12,210 
Gasolinej@n#on- 2 10.5 40.35 9,620 
Cy - ClolC Hon 31.5 121.20 28 ,880 
Diesel peniea2 1.8 18.445 h 395 
Wax C184 1.0 3.85 ANY 
Chemicals 
(H,0 Soluble) 
(a) Alcohols shale 14.46 3,445 
) (b) Aldehydes rifhe 2.88 686 
(c) Ketones ae 3.00 715 
(a) Acids 1.95 7.50 1,786 
Chemicals 
(Oil Soluble) ree fs: 10.62 2.050 
100.00 384.65 91,664 
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Final Material Balance: 


The Material Balarme as presented in the Freliminary Balance does 
not take into account any components in the bleed except CO,, 
and CO, The Preliminary Balance was prepared to give the Products Group 
something to work with in their design, They found it advisable to 


supply a recycle stream of the following composition: 


Component Mols /hr 
co, 17,750 
co 15,312 
Hy 31,260 
Ny 6,690 
CH), 2,360 
H,0 Ly) 

Total 73,518 


No information is available on the effect of CH), HO, etc. in the 
recycle on the conversion. Therefore this CH), and H,0 will be considered 


to pass through the reactor unchanged for purpose of mterial and energy 


balances, 
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Feed To Reactor Composition: 


Reactor Feed Mols /hr 
CO LoVe ote lis (DC 
Ny 290.2 + 6,690 
H, 1,500.0 + 31,260 
CO 7,630.0 + 15,312 
CH), 22.0 + 2,360 
H,0 1,190 + 1) + 500 


Reactor Product Composition: 


Reactor Product Mols /hr 
Constituents Feed + Product 
co, 17,947.43 + Biot 
N, 6,980.2 ---- = 
H, > ‘45, 760.0 ~ 13,127 = 
co 22,942.0 - 7,437 = 
CH), 2,382.0 - Ava foe 
H,0 1,835.0 + 5,783 = 
C (spo 
Product fot.O5 500. 


Standard | #'s/hr 
Constituents Feed & Recycle & Regen Cal Total ft3/hr 
=17,947.3  6,h45,000 289,680 


= 6,980.2 2,505,000 195,330 


= 5,760.0 17,100,000 91,520 


= 22,942.0 8,20,000 642,500 


= 2,382.0 855,000 38,152 


Sahl 3530 679 ,000 33,000 


97,348.5 35,110,000 1,789,212 


St'd £t3/hr 
Total 


18,522.3 6,650,000 
6,980.2 2,505,000 
32,633.0 11,710,000 
15,505.0 5,560,000 
2,360.0 84,7 , 500 
7,618.0 2,710,000 
76.3 
6,360.0 _ 2,282,000 
90,054.8 29,154,500 


“pe: 


#'s/hr 


817,000 
195,330 
65,266 
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91,66) 


1,789,212 


Product Wt % Mol/l00# Product Avg Mol Wt Mols 1 hr 


Cron +5 567 112 51 

Chie, 13733 TRE 9 

Gasoline(Cc-C,,) | 1,30 
CHon 31.5 -300 105 

Diesel Oil (C,,-Cyg) 197 
C Hones 4.8 2023 205 

Wax (C1, +) 1,0 0035) 282 da ae 


Water-Soluble Chem. 


Alcohols 3.76 0723 52 2h5 

CHa y-2° 

Aldehydes 75 Oly 52 9 

Cyn 0 

Ketones aio 0130 60 | hh 

CpHo,0 

Acids 1395 0305 6h, 103 
Oil Soluble Chem. 2.76 0328 116 80 

1.887. 
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Regenerator Design _ 


Due to a definite lack of information in the literature as to the 
regeneration of Fischer-Tropsh iron catalysts, it was necessary to base 
the regenerator design on procedures followed in the regeneration of 
petroleum cracking catalysts. The qualification for this is the fact 
that the object in both cases is to remove carbon depositions from the 
catalyst. The F-T regeneration is somewhat more complicated sime 
wag must also be ranoved. However both my be removed by the same 
process, namely, by burning with air. 

The allowable fouling of the catalyst was set at 1 percent by 
weight while the deposition of carbon and wax was estimated to be 1835 
pounds per hour. Calculations based on this and the total amount of 
catalyst present in the reactors indicated that 183,300 pounds per hour 

of catalyst must be completely regenerated. The amount of air necessary 
for the burning was determined allowing a 20 percent excess to insure 
complete regeneration. A flame temperature calculation gave a regenerator 
temperature of approximtely 1200. 

To determine the diameter of the regenerator, a Stokes Low Settling 
velocity of 3.1) ft. per sec. for the catalyst was calculated ae the 
33 micron particle am this was raised to 5 ft per sec to allow for 
hindered settling. Based on this velocity the diameter of the recenerator 
is 10 ft. As cracking catalyst regenerators appear to have the same 
height as diameter, the height of the regenerator was taken to be 10 ft. 
The shell is q in. steel with a fire brick lining to withstand the high 


temperature. 
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It was not cmsidered feasible to generate steam utilizing the 
heat in the regenerator gases as the low heat transfer coefficients 
would require too large a heat exchanger to perform the operation. 

It was desired to recover 95 per cent of particles 6 micron in 
diameter. To accomplish this, 250 multiclones are placed in the top 
of the shell in an inclined, radial position. 

The spent catalyst is carried up the riser to the regenerator by 
the regenerating air, As this is at low pressure, slightly over 
atmospheric, a screw-type valve is used at the entrance to the riser 
from each reactor to control the flow of catalyst at 300 psi in the 
reactor to the riser at lower pressure. The air is taken from the 
surroundings and blown by a centrifugal blower up the riser. 

To return the regenerated catalyst to the reactor, a stand pipe 
is used which projects into the catalyst bed nearly to the surface. At 
the lower end of the standpipe or downcomer, a screw-type valve ejects 
the catalyst into the fresh feed line. Hydrogen is allowed to enter 
the downcomer to keep the catalyst from packing or bridging and also 
serves to reduce any of the catalyst which was oxidized during 
regeneration. Also, new catalyst to replace the 1 percent loss per month 


enters this downcomer. 
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EDAT A PLOT? 


Urbana, Illinois 
May 31, 1950 


Dr. H. F. Johnstone 
Division of Chemical Engineering 
University of Illinois 

Urbana, Illinois 

Dear Sir: 

The following report includes all design specifications 
and costs for the section of a Fischer-Tropsch synthesis plant 
required for the separation of products, 

Any further information desired will gladly be 
furnished upon request. 

Very truly yours, 


Urol FLehutlt 


Arnold P. Schueler 
Product Separation Design Group 
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SUMMARY 


Separation of Products from Fischer-Tropsch Synthesis 


At the request of Dr. H. F. Johnstone, head of Chemical 
Engineering Division, the plant reouired for the separation of 
products from a Fischer-Tropsch Ue ehesr er usthe natural gas to 
produce 5,000 barrels of gasoline per day was designed to deter- 
mine the pre-pilot plant first cost approximation. 

Reactor gaseous products at a rate of 2,346,500 pounds 
per hour at 300 psia and 600°F. (equivalent to approximately 
5,000 barrels of gasoline per day) can be separated into four main 


streams, water and water soluble chemicals at 1,486,344 pounds per 


hour, oil and oil soluble chemicals at pounds per hour, 
light paraffin hydrocarbon gases at pounds per hour, 
and recycle gases for the reactor at pounds per hour. 


These separations can be accomplished at a total investment of 
a and operating expenses of ¢$ per year, based 
on 8,760 hours of operation per year. 

The reactor gaseous products are partially condensed 
in a direct contact spray condenser (see Flow Diagram, pe. 6 and 
Table I). The condensed products are separated into two layers, 
oil and oil soluble chemicals and water and water soluble chemicals 
in tank gravity separators. The oil layer is sent to the refining 
process without further purification. Part of the water layer is 
recycled through a tube and shell heat exchanger for use as 
spray condenser coolant. 

The non-condensed gases pass through a water scrubber 
in which the remainder of the water-soluble chemicals are removed 


and combined with the unrecycled portion of the water layer from 
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a) the condenser. The combined stream is then sent to the chemicals 
recovery and purification plant. 

The gases from the water scrubber pass through a straw-oil 
absorber where light hydrocarbon gases are removed. The resulting 
gas stream is then recycled to the reactor feed after suitable 
bleed to prevent accumulation of undesired inerts. The light 
hydrocarbon gases are stripped from the straw-oil and proceed to 


the alkylation and polymerization plants. 
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INTRODUCTION 


At the request of the Chemical Engineering Division 
a Fischer-Tropsch synthesis plant to produce 5,000 barrels of 
gasoline per day from natural gas was designed to determine 
first cost approximations. This report includes only the design 
of the section of the plant required for the separation of the 
products from the main reactor. 

Little information and data on these steps in the produc- 
tion of gasoline by Fischer-Tropsch synthesis were available 
in the literature. The brief descriptions of the war-time German 
plants indicated that the semi-batch processes employed were 
hardly applicable to an efficient continuous process plant. In 
addition the proposed plant was designed for a maximum yield of 
gasoline whereas, the German processes were not designed on this 
basis. Many of the physical data required for accurate design 
were also found to be lacking. 

This report contains a description of this section of the 
overall process, a process flowsheet showing the design flows of 
heat and material, the estimated physical properties used and the 
methods used in their estimation, design calculations and 
specifications, and a first estimate of total investment and 


operating costs, 
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DESCRIPTION OF PROCESS 


The reactor gaseous products at 600°F, and 300 psia 
at a rate of 2,346,500 pounds per hour (for distribution see 
Table II) enter counter-current spray condenser, C, where partial 
condensation occurs when the gases are cooled to 200°F, (see 
pages 6 and 7 ). The condensed stream, including the coolant 
sprayed into the condenser, then passes to a liquid gravity 
separation tank, LS, where two layers are formed, an oil and oil- 
soluble chemicals layer and a water and water-soluble chemicals 
layer. The oil layer, 5b, passes directly to the refining process 


to obtain gasoline. 


Part of the water layer, 5a, goes directly to the chemicals 


recovery plant. The remaining portion, 5d, is recycled through 
a water-cooled tube and shell heat exchanger, IC, where it is 
cooled to 120°F, The cooled stream is then sprayed into the 
condenser. 

The uncondensed vapors, 5c, pass from the condenser to a 
plate column water-scrubber, GS, where the products are cooled to 
85°F, and the remaining water-soluble chemicals are removed. The 
bottom stream, 10, is combined with the unrecycled portion of the 
water layer from the separator. 

The vapors from the water scrubber,7, pass through straw- 
oil absorber, A, where the light hydrocarbon gases are absorbed. 
The discharging gas stream, 8, is bled, 3, continuously to reduce 
accumulation of inerts and the remaining portion, 4, is compressed 


to 325 psia and recycled to the reactor. 
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The absorber bottoms are stripped of light hydrocarbons 
in steam stripper, S, from which the bottoms, 11, are recycled 
to the absorber. The stripped gases, 9, pass to the alkylation 
and polymerization plants. 

Quantities, temperatures and pressures of all} soreane and 
equipment specifications are given on the flow sheet and in 


Table I. 


iY Is shone: ditt to > Saal re | 
belovoe? ete ,ff ram og dod edt fol cw mort ,€ bins | 
ie hed vin 
foiieivile ed? of enaq ,@ 2988 ‘patgeval ek sit redo 
f setnetg a be 


wtp 


, 


“tea ife lo gene eetaq bike cotateteqmed eeltidoar® — 


Ay 


ria a] <a + a ‘ e i 


nt boa doede. wolt edd ao newly ete ano ited Irtosga: ors 


¥ 


22 


Ou Lay ER 


be 


WATER LAYER 


Figure l 
SIMPLIFIED Flow Diacram 
PRopuct SEPARATION 
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TABLE I 
Equipment 
A - Straw-0il Absorbers 


Number required: 
Height: 
Diameter: 

No. of Plates: 
Pressure: 


C.=- Direct Contact: Spray Condensers 


Number required: 4 plus 1 spare 
Beorerne 17 ott, 

Diameter: 12.5 ft. 

Pressure: 300 psia 

Total Heat Load: 411.18 x 10© Btu/hr. 


GS - Water Scrubbers 


Number required: 3 
Height: 76 ft. 

pia mevers) Lr s2e5rtt. PD. 
No. of plates: 38 
Pressure: 300 psia 


IC - Recycle Heat Exchanger 


Number required: 4 plus 1 spare 
Length: 16 ft. 

Diameter: 7 ft. 

Shell passes: 6 

Tube passes: 8 

Tube diameter: 1 inch 0.D. 18 BWG 
Heat transfer area: 12,500 ft.2 
Total heat load: 411 x 106 Btu/hr. 
Pressure: 350 psia 


LS - Liquid Tank Separators 


Number required: 12 
He1gnt: 50) ft. 
Diameter: 25 ft, 
Capacity: 183,600 gals. 
Pressure: 300 psia 


P, - Liquid Recycle Pump 


Number required: 4 plus 2 spares 
Type: Heavy duty centrifugal 

Driving motor: 125 Hp 

Duty: 2570 gpm from 300 to 360 psia 
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® TABLE I - Cont. 


P, - Vapor Recycle Compressor 


S - Steam Stripper 


Number required: 
Hei ght: 
Diameter: 

No. of plates: 
Pressure: 
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TABLE II 


Stream Compositions and Flow Rates 
(All enthalpies based on 32°F.) 


Stream (6) 
Component Moles/Hr. lbs./hr. 

CO, 18,520 815,000 
CO 16,000 448 ,000 
Hs 32,620 65,300 
No 6,990 195,800 
H,0 6,975 125,600 
c4-C. 3,000 54,000 
C3-C4 1,298 64,900 
Cs-Ci% 1,340 142,100 
C137Cid 197 402,000 re) 
Alcohols 245 135404 Temperature - 600 F. 
Aldehydes 49 2,950 Pressure = 300 psia 
Ketones 44 2,640 Enthalpy = 616,305,000 
Acids 103 6,590 Btu/hr. 
Oil Soluble Chemicals 80 9,270 

87,461 2,345,500 lbs/hr 

moles/hr 

Stream (5c) 
Component Moles/hr. LDS e/ ia". 

CO, 18,520 815,000 
CO 16,000 448 ,000 
H. 32,620 65,300 
Ne 6,990 195,800 
H.0 ay Lee 56, 700 
BP 2,986.4 53,700 
C3-Cyt 1,232.4 61,600 
Cs5-Ci6 824.0 87,300 
C41-C1% 14.0 2,855 
Alcohols 259el 12,450 Temperature - 200°F, 
Aldehydes 47.8 2,490 Pressure - 300 psia 
Ketones 43.0 2,580 Enthalpy - 193,497,000 
Acids 100.9 6,460 Btu/hr. 
Oil Soluble Chemicals 48.7 2,640 

82,816.35 1,815,8%5 


* Include saturated and unsaturated hydrocarbons. 
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Stream (5a) 
® Component Moles/hr. lbs./hr. 
H,0 3825.0 68,900.0 
Alcohols 5.9 307.0 Wet. per cent chemicals 
Aldehydes Ls2 62.3 0.72% 
Ketones 1.0 60.0 Temperature: 200 F. 
Acids Bel 134.5 Pressure: 300 psia 
3835.2 69,463.8 Enthalpy; 11,561,070 
Btu/hr. 
Stream (5b) 
Component Moles/hr. lbs./hr. 
Ci-Ce 13.6 244.6 
Ca-C4 65.6 o7286.0 
Cs-Ci5 516.0 54, 700.0 Temperature: 200°F, 
Cii-Cis 183.0 37,350.0 Pressure: 300 psia 
Oil Soluble Chemicals 31.3 5,650.0 Enthalpy: 59,850 
809.5 99,204.6 Btu/hr. 
Stream (5d) 
Same composition as (5a) 5.14 x 10° lbs. /hr. 
. Enthalpy entering heat exchanger = 863,000,000 200°F, 
330 psia 
Md leaving " : = 452,000,000 Btu/hr. 
120°F, 
325 psia 
Stream (5) 


(5) = (5a) + (5b) + (5d) = 5,308,669 lbs/hr. Temperature: 200°F, 
Pressure: 300 psia 


Enthalpy: 874.62 x 10° 


Btu/hr. 
Stream (15) 
Water 4.11 x 10° 1bs/hr. = 494,000 gph 
Enthalpy entering heat exchanger = 197 x 10© Btu/hr. 80°F, 
" leaving " " = 608 x 10 Btu/hr. 180°F, 
Stream (10) 
Composition Moles/hr. lbs./hr. Wet. % 
» H,0 1,392,900 Temperature: 190°F. 

; Alcohols 209 12,450 0.880 Pressure: 300 psia 
Aldehydes 48 2,490 0.176 Enthalpy: 211,347,000 Btu/hr 
Ketones 43 2,580 0.182 
Acids 101 6,460 0.456 Wgt. % Chemicals = 1,694 


1,416,880 
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Stream (14) 


Water = 1,339,000 lbs./hr. = 160,800 gph 
Enthalpy = 64,250,000 Btu/hr. 
Temperature = 80°F, 


Stream (7) 
Component Moles/hr, los. /hr, 
CO, ES 520 815,000 
CO 16,000 448,000 
ae 32,620 65,300 
We 6,990 195,800 Temperature: 85°F, 
H,0 156 2,800 Pressure: 290 psia 
Ci-Co 2,986 53,700 Enthalpy: 46,400,000 
Cg-Cy, Lyeoe 61,600 Btu/hr. 
Cs-Cio 824 87,300 
Cii-Cis 14 £2,855 
Oil Soluble Chemicals 49 5,685 
78,391 1,736,995 
Stream (8) 
Stream (3) 
Same composition as Stream (8) ine </hee 
Temperature OF, 
Pressure psia 
Enthalpy Btu/hr. 
Stream (12) 
Component Moles/hr. lbs/hr. 
Temperature PF, 
Pressure psia 
Enthalpy 


Btu/hr. 
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Stream (11) 
Component Moles/hr. lbs./hr. 
Temperature nd oh 
Pressure psia 
Enthalpy 
Btu/hr. 
Stream (9) 
Component Moles/hr. lbs. /hr. 
Stream (13) 
Stream (4a) 
Composition same as Stream (8): lb./hr. Temperature OF, 
Pressure psia 
Enthalpy 


Btu/hr. 
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Stream (4b) 


13. 


Overall Energy Balance 


Basis: 1 hour 


Btu/hr. 
Input: 
Reactor Products 616,305,000 
Cooling Water 
Recycle Heat Exchangers 197,000,000 
Water Scrubbers 
Gas Compressors 
psig Steam to Strippers 
Output: 
Oil and 011-Soluble Chemicals 59, 850+ 


Water and Water-Soluble Chemicals 
(10) and (5a) 
Light Hydrocarbon Gases (9) 
Bleed (3) 
Reactor Recycle 
Cooling Water 
Recycle Heat Exchangers 608,000,000 
Gas Compressors 


Per cent 
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Overall Material Balance 


Basis: 1 hour 


Input: Pounds/hr. 


Reactor Products 2,546,500 
Cooling Water 
Recycle Heat Exchangers 4,110,000 


Water Scrubbers 
Gas Compressors 


Steam to Strippers 
Make-up Oil 


Output: 
Oil and Oil Soluble Chemicals 99,205 
Water and Water-Soluble Chemicals 
(10) and (5a) 
Light Hydrocarbon Gases 
Bleed 
Reactor Recycle 
Cooling Water 
Recycle Heat Exchangers 4,110,000 
Gas Compressors 
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TOTAL INVESTMENT COST 


A. Basic Process Equipment Cost 
(Including Installation) 


l. Vessels 

2. Heat Exchangers 
3. Pumps 

4. Compressors 


B. Auxiliary Equipment Cost 


Ls eh ining 
a. Equipment 
b. Installation 


2. Instrumentation 
a. FEauipment 
b.. wlnstallation 


3. plectric Wiring 
a. Fouipment 
b. Installation 


4, Insulation, Fireproofing 
Etc. 
a. Equipment 
b. Installation 


OPERATING COSTS 


Basis:- 1 year (8760 hrs.) 


A. Steam 

Be. Cooling Water 

C. Straw-0il Make-up 
D. Electricity 

E. Labor 

F, Depreciation 

a 


Taxes, Maintenance, 
Insurance and Patent Rights 
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ECONOMIC CONSIDERATIONS 


The first important consideration in this design was 
the type of condenser to be used for the reactor products. The 
three types considered were tube and shell, venturi-spray, and direct 
contact spray condensers. The first type was eliminated when the 
large quantities of gases to be handled,of which 85 volume % were 
non-condensible, were considered. The extremely low vapor coefficients 
of heat transfer under these conditions would necessitate unreasonably 
large heat transfer areas. 

The venturi-spray condenser also proved inadequate because 
of the large quantities of coolant required to remove the heat load. 
Consequently, a direct-contact low velocity spray condenser was 
selected. 

The first design on the spray condenser included the use 
of a surface cooler to cool a recycled portion of the water and: 
water-soluble chemicals used as coolant in the condenser. It was 
then considered that since the recycle stream was practically pure 
water (0.266 mole % chemicals corresponding to a 2009F. condenser 
outlet temperature) it would not be economically sound to use a 
recycle cooler unless the temperature rise of the cooling water was 
more than the rise in temperature of the recycle stream as it passed 
through the condenser. The elimination of the recycle cooler, however 
would require that the large quantities of coolant water be sprayed 
directly into the condenser and consequently the water-soluble 
chemicals stream would be made even more dilute (0.000548 mole % 
chemicals) and the subsequent recovery of the chemicals would become 
more costly. If this dilute stream were discarded as waste, a total 
of *41,000 per year would be lost. (Prices of chemicals based on 
that value for April 1950 and assuming only 10% of these prices as 
profit.) 
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From the concentration figures of the water-soluble 
chemicals stream, it was obvious that the purification difficulties 
and costs for the more dilute stream would be increased beyond 
reason. Therefore, if the recycle cooler were eliminated, this 
dilute stream would have to be discarded. On the other hand, 
if the chemicals were to be recovered from this stream, the 
recycle cooler would be required to keep the separation costs as 
low as possible. | 

The compositions of the water and water-soluble chemicals 
stream leaving the water scrubber was 0.603 mole % chemicals 
corresponding to a condenser outlet temperature of 200°F., These 
chemicals must be recovered for overall economic reasons. If 
the recycle cooler was not eliminated and the water and chemicals 
stream from the condenser were combined with that from the scrubber, 
the resulting stream would contain 0.586 mole % chemicals. 
Obviously from these figures, the increased difficulty and cost 
of purification of the combined stream above that of the stream 
from the scrubber was negligible. Consequently, it was concluded 
that it would not pay to discard the condenser chemical stream 
and it followed that the recycle cooler was required. 

The next consideration was the selection of the outlet 
temperature from the spray condenser. A lower limit of 120°F, was 
set because of the limitations imposed by the 80°F, cooling water 
available for the recycle cooler. Calculations on the partial 
condensation obtained, the cooling water required and the recycle 
cooler costs were made at various condenser outlet temperatures 
from 120°F, to 200°F, Overall costs decreased with increasing 


outlet temperature, 
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However, similar calculations on the costs of the 
water scrubber indicated that lower condenser outlet temperatures 
favored lower costs. Little or no economic considerations from 
this point of view were necessary for the oil absorber since 
nearly the same quantities were handled at all the different 
condenser outlet temperatures. Consequently, an economic balance 
between water scrubber and spray condenser and intercooler costs 
was made to select the proper condenser outlet temperature. (See 
Figure 2 Pg.23 A broad minimum was indicated and a condenser 
outlet temperature of 200°F. was selected as economically sound. 

The economic considerations made in the design of each 


individual unit are included in the design calculations. 


el. 


t) 


i 
anes 
ey 
@ 


I TN: An 4 “an 
shes Sec oSivlCc ebsi0 OL oF F -? : 
ee met | 7 aero 4 virliotinl pny vis Ratt 
f ia) Yaset aonitarch! ) Imonove on to eat ateao ne ot om oil ‘ 
: ha iy ns | iy 
% 


eat 
ny one 4 Q Jadee GO PAS AY anata 


iy bndin tod“daede £86" ed Tot Ronee wed ahioe' waall a dnt be 
Ait ey Bekah 
. red belongs etaw de liitonup elmira ‘vert we 


ra 


ne D 


ae oh, vi 
centeteqied abaaue | ‘thecofaae | 


mos ae > ah e af ‘at . ay 
tee Mihi Salt ial Ma phn te te saan) 


Sct g oe Lae ou ‘wa th \ 

ry io ps 

baord A i 47 £ ew . it 
iP 

‘ 


bo oruteted ced sete 


wondoe SAT na 


Bary 


, da 
febutont sva tin Loubtvi bal af - 


fa 


bs 


fi : tHE : sear! 
* ERSTE ee EEE 
| Ses easstteas etesteees ereasaetenateaesstocaitt 
Ssdessteess tosateocatecsste s/ Sle Heat siat aaa 
Sear deeded nears eane en eUHHHLLUHE eeiuactit 
i en Ss eeasieiesteeeocaiits snittt 
sift Suateeositsoartesteocattastitaatinsaii 
fil reo teeny PEE CHEE 
) EE HEHE 
180: Poo sane SESEETas aeee ens SunEsEnnta EEEESEEEEE SEEEEEEEEE 
EEE Se deeeeiiiiseeettteeateas 
Su ssEEE FECEEEEEEEE EEE EEE EEE EEE EE ELH 


ddd daseed easeee etaseee (acer taeetEe seen 


eH ryt 

Bite ee tet do I pe re ee 

2aen8 Gezeaaaess eames 

RHASARR ORE Dee se Ree 

TESA se SRP see Sao Se ae 

SEPER f7,..05 me .'s ie 
458 ii'? ai BY. PAL 


PEE 
Ph ere eae 
PEEEEEEEEEEEEEE 


ay 


Pw Sieh oan ie i er Pare eer eee 
a SEBUnsais Sosannes Q@MMEraazces soveuatas bennseatn, Wenauanead uasseuaans raszazaeyievavieeas 
oe aan aun ae CH Perris. suestesttestieiies Bese RECGEESESS 
rea H REESE Eee eet HH 


HPN See ae HAH 


CREE EEE eee 
occce cane Bee SERRE ISeee 
A am 


REECE EEE EEE PEEP EEE EEE EE 
iE, 


a 
Fy (ee 


ame 
FINAL 
lat | | 


am Oe EA 
2h. “8 Seen EE aenee 


an 
SERRE RES SQ. ~“TSee ees Ree ease 
ShGeTERee aa a Lt 
2S Sees See... “2 eee Pi 
SB SERRE “SEE 


No. 5780-20 


20 SQUARES TO THE INCH 
Made in U.S. A. 


ad 
es 


SSuGnnEEanae! “sEErs 


saad 
it > 


Py 
ae HH t ae ae BEER RRR R SRR ee 
Sac R eee Pri me CT aes eel pee eee 
Ty ei Bol oi) Ml) . (SRE ee 
a. = 


= 
beta Ty it tS 
eet tT rrr 
PL 
an 
aaa 


Peet 
, coe 
~ co 


Eereiaee uae ruat Sissietifiavaattiil 


Ssssdaait faesststst fesssttiit 
ane a 


~ 


cI 
ReBRB™ on 
ae? «a 


Se a ae 
SS OO 


Pi 
ae 
ae 
LT 
ca 

aa ae 

aane an aenB an 

SESE S CERN SERS E Ee OER ee a 
CSTD SUCK ARAAT SPSS TAT Aaa GRA a -> 


ro ree ae | < on ~ ss 
| ‘ 


lx 


aA! TANGA] OG Te ae 


*t 
” 
e 
‘ % 
anes 
vit 
aati 
a 

Ae ene 

ms ‘ 
: 


; 
. ; 
ay 
ees bd 
t hn i 
ae = 
: ‘* ‘ e| Auge hoe 7a fi pee Ge get Rae ee ped oeet SST) ok en cae 
+ os Py r 
4 Ind whe ieee take yi eed 4 
3 => ot oe: 
> i ; oe a { “2.8 : , b : : 3 oer. tae 
: a rth a IC : : : c t ; a ae a as 7 Ss fF See 
j ruaie a om Pi thee f al TEAS: are es he eee 
i) 4. Kf S ’ 
i tare si led, L as 


25-6 


DESIGN CALCULATIONS 


» 


I. Condensers, Separators, and Recycle Coolers 
A. Direct Contact Spray Condenser 

1. Calculation of Amounts Condensed 

Vapor Inlet Temperature: 600°F, 


Outlet Temperature: 200°F, 


In order to calculate the vapor-liquid equilibrium 
split for this multicomponent system at this outlet temperature, 
vapor-liquid equilibrium constants at 300 psia were required. 
These were obtained from direct data or estimated from fugacities 


mie ite Critical 


and reduced temperature and pressure plots. 
temperatures and pressures were obtained from actual data and 
approximated by the use of petroleum characteristic factors”? 6, 7, e 
> ) These data are listed in TableIII'Page4l, Equilibrium flash 
calculations showed a split of 5.3% liquid and 94.7% vapor with 


the following compositions and rates: 


Moles/hr. Moles/hr. 
Component Liquid Vapor 
eG 3 ) 18,520.0 
CO 0 16,000.0 
He 6) 32,620.0 
Ne 0 6,990.0 
H,0 Doe et 5,150.0 
CAG 13.6 2,986.4 
C3-C4 65.6 L,e0ee4 
CPE 516.0 824.0 
Ci1-Cis 183.0 pe) 
Alcohols 5.9 2O9e1 
Aldehydes Lee 47.8 
Ketones Lise 43.0 
Acids Zel 100.9 
Oil Soluble Chemicals " sO ke BAe.’ ig 7/88. 276 
4644.7 82,876.23 
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2 Be Enthalpy Balance 


In order to calculate enthalpies vapor specific heat 
data for various temperatures at 300 psia were obtained from 
actual data or estimated from reduced temperature and pressure 
plots®» 6, 8, 9, Latent heats of vaporization were similarly 
obtainea»» ©» 10, ‘These data are tabulated in TableTiiIPage 41. 
Base Temperature for all enthalpies is 32°F. 

a. Enthalpy of Vapor Stream Entering Condenser - He 


H = (moles/hr.)(Btu/lb.-mole°F.)(600 - 32) + 
(moles/hr. )(Btu/1lb.-mole) 


Component Hi Btu/hr. 
CO. (18,520)(11.1)( 600-32) = 116,900,000 
CO (16,000)(7.25) (568) = 65,900,000 

He (32,620)(6.95) (568) = 129,000,000 
Ne (6,990)(7.15) (568) = 28,400,000 
H,0 (6,975)(1202.8)(18) = 151,000,000 
y C2) 3 (ae elie 2)(568) = 22,500,000 
Ce-Ca, (1,298) (5250 + 27.1 (568)\= 26,800 ,000 
Ce-C, eat(r, SHO) 572) rare pee = 50,200,000 
eae ee 171 [20 ,000 + 105 ata = 13,700,000 
Alcohols 245 [7,500 + 24 (S568)i = 5,170,000 
Aldehydes 49 L7,500 + 19 (568)1 = 896 ,000 
Ketones 44 07.500 + 24 (568) = 929,000 
sah 103 (9,000 + 21 (568)] = 2,160,000 
1 
Soluble 
Chemicals 80 [10,000 + 43 (568)] = 2,750,000 
He = 616,305,000 
"Btu/hr. 


b. Calculation of Enthalpy of Vapor Stream Leaving Condenser - 
Hse 7 at 200°F. 


Component Hi Btu/hr. 

Co: (18,520)(11)(200 - 32) = 34,300,000 

of) (16,000)(7.23) (168) = 19,420,000 

He (32; ,620) (6.9) (168) = 37,850,000 

No (6,990)(7.2) (168) = 8,400,000 
H,0 (3,150) (808) (28) + (8.6) 

» (168) = 50,500,000 
i CxCp (2,986.4) )[ 30000 + (11.3) 

(168) | = 14,600,000 


(Continued on next page) 
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Component - Continued Hi Btu/hr. 
Beatz (1232.4) (5250 + (24.5) (168)] = 11,540,000 
Cs5-Cio (824) (5720 + (46)(168) = 11,080,000 
C1i-Cis (14) [10,000 + 86 (168)] = 343,000 
Alcohols (239.1)[7,500 + 20 (168)] = 2,600,000 
Aldehydes (47.8)(7,500° + 16.6 (168)] = / 492,000 
Ketones (43.0) [7,500 + 18.6 (168)] = 456,000 
Acids (100.9)[9,000 + 14.5 (168)] = 1,151,000 


Oil Soluble 
Chemicals (48.7) (10,000 + 34 (168)1| 


765,000 
Hse = 193,497,000 Btu/hr. 


¢. Calculation of Enthalpy of Oil and Oil Soluble Chemicals 


Stream Hsp f 
Component Hi Btu/hr. 
C.-C. (13.6)(0.55)(200 - 32) 1,250 
C3-C, (65.6)(0.43) (168) 4,750 
Cs-Cio (516.0)(0.43)(168) 37,200 
Ci i-Cig (183.0)(0.44)(168) 13,500 


Oil Soluble 


Chemicals (31.3)(0.60)(168) 3,150 
Hsp = 59,850 Btufhr. 


d. Calculation of Enthalpy of Unrecycled Water and 
Water Soluble Chemicals Stream - Esq 


This stream will remove the water and water soluble 
chemicals formed in the reaction less that portion which goes 


out of condenser as vapor. 


Component Hi Btu/hr. 
H.0 (3825)(18)(168) 11,560,000 
Alcohols (5.9)(0.668)(168) 664 
Aldehydes (1.2)(0.67)(168) 135 
Ketones (1.0)(0.54)(168) 91 
Acids (2.1)(0.51)(168) 180 


Hs, = 11,561,070 Btu/hr. 


e. Calculation of Enthalpy of Recycle Stream - Asa 
Condenser Heat Load = Hg - Esq - Hsp -Hse = 
411,180,000 Btu/hr. 
The composition of the recycle stream is the same as 


that of stream 5g. 


Mole % Chemicals = (10.2) (100) a 
| | 3825 + 10.2 = +266% 
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This is essentially pure water and therefore it is treated 
as such in the following calculations. ) 
Condenser Inlet Temperature of Recycle Stream 120°F. 
Condenser Outlet s . : BBO iy 
Recycle Required = 411,180,000 = 5,140,000 lbs./hr = 


200 = 120 
616,000 gph 


Hsd, = Enthalpy of Recycle Stream Entering Condenser = 
(5.14 x 10°)(1)(120 - 32) = 452,000,000 Btu/hr. 
Hsd, = Enthalpy of Recycle Stream Leaving Condenser = 


(5.14 x 106)(1)(200 - 32) = 863,000,000 Btu/hr. 


f. Calculation of Enthalpy of Stream 5 Leaving Condenser H,; 
Hs = Hsa + Hsp + Hea. = 874,600,000 Btu/hr. 


g@. Complete Heat Balance on Condenser 
Input = He + Hsa, = 1068.3 x 10® Btu/hr. 
Output = Hs, + Hs = 1068.1 x 106 Btu/hr. 


5. Material Balance 


Input = We + Wsq = 2,346,500 + 5,140,000 = 7,486,500 lbs./hr. 
Output = Wse + Ws = 1,815,875 + 5,308,669 = 7,124,544 lbs./hr. 


4, Dimensional Design 


For lack of a better design method the empirical equation 
as given in the 1950 A.I.Ch.E. contest problem was employed. It 
was realized that this is probably inaccurate but it was felt that 
it was more suitable than the design methods for steam spray 


condensers, the only other methods available. According to this 
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maximum vapor velocity - ft./sec. 


U 
where max, 


Cz 
Po 


a. Height 


density of liquid - lbs./ft.° 
density of vapor - lbs./ft.° 


The height for use with this equation was arbitrarily 
set at 17 feet. 


b. Diameter 


ee = 0.136 (62.4 - 0.588 = 1.82 ft./sec. 


0.588 
Entering gas rate = 87,461 moles/hr. = 3.31 x 10° ft.°/hr. 
Design for four condensers plus one spare 


Cross-sectional area of flow = 3.31 x 106/(3600)(4)(1.82) 


Diameter ete x 4 = 12.65. 
i 


ec. Thickness of Shell 


126 ft.* 


i$ 


12.5 ft. 


Safety factor = 5 
Yield strength = 60,000 psi 
Working Pressure = 300 psi 


t = thickness r = radius 


Thickness of shell = (0.025)(12.5)(12)/(2) = 1.87 inches 
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» ad. Number of Spray Nozzies'25) 


Nozzle type and size: 0.5 inch Orifice. Solid Cone 
Nozzles 84° Angle 

Pressure Drop = 25 psi 

Flow Rate = 27.5 gpm 

Number of nozzles = 2570 gpm/27.5 = 94 nozzles/condenser 

The interior construction and nozzle arrangement is to 


be left to the discretion of manufacturer. 


e. Type of Material 
Ordinary steel may be used in fabrication since very 
little corrosive chemicals are present. 


y 5. Cost Calculations 


a. Vessel Cost = (#303/ft. length)(17 ft.)(2.2 press. factor) 


$11,330 per condenser 

be Construction Costs 

According Vilbrandt, "Chemical Engineering Plant Design" 

page 421, an estimation of total cost including construction can be 
obtained by dividing initial cost by 0.7. Since little was known 
about the internal construction a conservative construction cost 
value was obtained by dividing by 0.5. 

Construction Cost = $11,330 per condenser 


ec. Total Cost = (%22,660)(5) = $113,300 


6. Pressure Drop 


| Assume negligible pressure drop across the condensers. 
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> B. Recycle Cooler 
1. Heat Balance 
Cooling Water Inlet Temperature - 80°F. 


Cooling Water Outlet Temperature - 180°F, 


Recycle Inlet Temperature = 200 >i. 
Recycle Outlet Temperature ~ 20°F, 
Enthalpy of Entering Recycle Stream = Hsq #= 863,000,000 
s Btu/hr. 
Me Ty ee . Ki =Hsqg = 452,000,000 
Btu/hr. 


Heat Load = 9 = 863,000,000 - 452,000,000 = 411,000,000 
Btu/hr. 


Cooling Water Required = 411,000,000 = 4,110,000 Lbs e/a. 


(180 = 80) 


Enthalpy of Inlet Water = (4,110,000)(80 - 32) = 


494,000 g.p.h. 


Y 197,000,000 Btu/hr. 
Enthalpy of Outlet Water = (4,110,000)(180 - 32) = 


608,000,000 Btu/hr. 
Input = 197 x 105 + 863 x 106 = 1060 x 10© Btu/hr. 
Output = 608 x 10° + 452 x 108 = 1060 x 10© Btu/hr. 


2. Material Balance 


Input = 4.11 x 106 lbs./hr. + 5.14 x 10© 1bs./hr. 
= 9.25 x 109 lbs. /hr. 


Output = 4.11 x 10° + 5.14 x 108 = 9,25 x 10° lbs./hr. 


%,. Calculation of Heat Transfer Area Required 


An economic balance on heat exchanger cost, water costs, 
XY and pressure drop costs indicated a tube side velocity of three ft./ 
sec., an overall heat transfer coefficient of 500 Btu/hr. ferry 


an outlet temperature on tube side of 180°F, and l-inch 0.D. tubes 
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for minimum costs. (Recycle on tube side, water on shell side.) 
This balance also indicated the use of six shell passes and an 
even number of tube passes'11) 

U = 300 Btu/hr. ft.” OF, 


Ln Mean At = 40 - 20 = 28.8°F, 
im 2 


Correction factor for temperature difference for multipass 
exchangers( 11) = 0.95 
Heat Transfer area required = 411 x 106 = 50,000 ft 


(300) (0.95) (28.8) 


4. Material of Construction 


The recycle stream consists of extremely dilute organic 
acids mainly acetic acid. Using the data in Vilbrandt, page 287 
on the corrosiveness of chemicals, mild carbon steel was 


selected as suitable construction material. 


5. Cost Calculations 
It was decided to use o1e exchanger with each condenser, 
or a total of five, in order to provide more flexible operation. 
Only four of the five will bein active service at a time. 
Heat transfer area per recycle cooler = 90,000 = 12,500 ft.* 
4 - 
Cost data for tube and shell floating head exchanger from Vilbrandt 
page 468. 
C er 2 2 (14) 
Ge ost per exchanger = (%2.00/ft.“)(12,500)ft.“(1.2)(1.32 ) 
press. price 
factor index 


factor 
$39,600 


b. Installation Cost = *17,000 per exchanger 
This was obtained using the estimate proposed by Vilbrandt 


page 421. 
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¢. Total Equipment Cost = (5)(39,600 + 17,000) = $283,000 
d. Cooling Water Costs 
Cooling tower and spray ponds were found impractical in 
high humidity of Louisiana. Filtered river water at 4¢ per 
1000 gals. will be used. 
Cooling water costs = (0.494 x 10© gph)(#0.04 per 1000 gals) 


#19.76/hr. 


6. Dimensional Design 
a. Number of tubes per exchanger 


‘ 6 SS a Ten 
Recycle Rate C Bt Lat ALO 1b./hr.) (5 exchangers) ‘88.2 1b/Fto 
= 2.06 x 10% ft.°/hr. 


Total Cross-sectional Area of Flow = 
4 3 r 1 o 
(2.06 x 10> Tt, far) 5 ae5) (aE POET 
iotttee 
Using a safety factor of 5 and yield stress of 60,000 psi 
and working pressure of 300 psi tube thickness = 0.0125 inch. 


l-inch 18 BWG Steel Tubing satisfies this pressure requirement. 


: 2 1 144 in,®, _ 
No. of Tubes = (1.91 ft. anaes ee seek MES ea 430 tubes 


b. Number of tube passes and exchanger length 
Information from Foster Wheeler Corporation's Bulletin 
OH-39-13 gave further evidence that the selection of l-inch tubes 
was most practical. The ver'y slight saving in first cost obtainable 
in selecting smaller tubes  wotld hardly warrant their use when the 
trouble encountered in keeping a bundle with small tubes in 


satisfactory operating condition is considered. 
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Following the recommendations in this bulletin, tubes 


arranged on square pitch were selected for fouling service and 


easy cleaning. 


Allowable distance between tubes = 0.25 inch 

Using this spacing total cross-sectional area per tube = 
1.56 in,® 

Total Heat Exchanger Cross-sectional Area = 
(1.56'in.*/tube)(430 tubes/pass) = 670 2 700 in.®/pass 

No. of Tube Passes = 8 (Arbitrarily selected to give 
reasonable length and diameter) 


Heat Surface per Pass = 12,500 ft.© = 1560 ft.2 
8 


Tube Length = (1560)/(430)(0.262)ft.2/ft.) = 13.8 14 ft. 


This tube length is in agreement with the value of 12 to 


16 feet recommended in the bulletin mentioned above, 


Total tubes per exchanger = (430)(8) = 3,440 
Exchanger Diameter 
Total cross-sectional area of exchanger = (700 in.*/pass)8 


= 5600 in.” 


‘Exchanger Diameter = \| §5600) (4) = 84.6 inches = 7 ft, 
] 


Number of Baffles and Baffle Spacing on Shell Side 


Cross-flow type baffles are recommended and were selected 


in preference to orifice type baffles. The former require 


fewer baffles per exchanger and can be of heavier construction. 


Minimum baffle thickness = 0.25. ineh 
No. of shell passes = 6 
On this basis total free width of flow = 1.58 ft. 


, 
Water flow rate = (S22 5 10" 1bs./hr.) (35 ; ian ) 


1 A 3 
(380 secs./nr.) = 4:60 ft." /sec. 
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Allowable Water Velocity = 4 ft./sec. 


: i, 
Baffle Spacing = (4.60 ft.°/sec. )( sserrt. wiath) (4'ft./sec.) 
0.727 ft. = 9 inches 


No. of Baffles per Shell Pass = At 18 Baffles 


7. Pressure Drop Tube Side = 5 psi 
8. Operating Pressure = 350 psia 


C. Liquid Tank Separators 


1. Material Balance 

Input = ws = 5,308,669 lbs./hr. 

Output = Wsp + Wea + Wsqg = 99,205 + 69,464 + 5,140,000 
= 5,308,669 lbs./hr. 

2. Selection of Tank Size 


Capacity of Separator = (5,308,669 lbs./hr.)/8.33 lbs./gal. 


636,000 gals./hr. 


In determining actual tank capacity, time must be allowed 
for filling, settling, and separating of liquids. In order to allow 
sufficient time for these operations, equal intervals of time were 
selected for each operation. Therefore, the total required capacity 
will be three times greater than that given above. 


Total Capacity of Separator = (3)(636,000) 


1,908,000 or 2,000,000 gals. 
In order to determine the number and dimension of the 

tanks to be used, an economic balance was made by assuming various 

diameters and heights and calculating the respective costs. Metal 


wall thickness for a pressure of 300 psia was calculated as before. 
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a) Cost data were obtained from Vilbrandt pages 482-3. 
The following tabulations indicate these calculations: 
Volume 
of Metal Wet. 
(13) per Tank Metal Total 
Diam. Gals Capacity No. - Less per Cost Cost 
fim, Tt. Height Gals. Required Heads-ft° Tank $/1b $ 
10 587.5 20 LEs7 SC 170 70.8 34,400 0.17 993,000 
15 1321.9 30 39,700 Si 239.6 116,000 6.12 710,000 
20 2550.0 40 94,000 22 564.0 274,000 0.10 603,000 
25 3672.0 50 183,600 Vas a ee O 539,000 0.10 593,000 


This economic balance indicated a minimum for 25-ft. diameter 
tanks 50-ft. high, for which a total number of 11 were required. 
Since there were three operations required, filling, emptying, 
and settling, it was decided to use three tanks with each active 


condenser or a total of 12 tanks. 


y 3. Cost Calculations 
Thickness of metal = 3.75 inches 


Volume of metal in cylinder walls = 1110 ft.°/tank 
Yolume of metal in semi-elliptical heads = 614 ft.°/tank 


Using mild carbon steel 


ft.° (486 1b.) 
tank ft.° 


= 838,000 lbs./tank 


Total weight of metal = (1110 + 614) 


(14) 
Cost per tank = (838,000 l1bs/tank)(#.10 per 1b.)(1.08 Index 
Factor) 


em | | 


— £90,000 
These cost figures include the cost of roof, shell, 
manhole, nozzles, ladders, and freight for 100 miles and installa- 
tion costs with the exception of foundations and painting. 
Remaining Installation Cost = #9,000 (estimated) 


ey 


Total Cost = (#99,000)(12) = 41,188,000 


4. Operating Pressure - 300 psia 
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D. Liquid Recycle Pump 
1. Pump and Motor Selection 
Design was made for one pump per recycle cooler plus 
one extra spare or a total of 6. (4 in operation at any one time.) 
Liquid Rate = (5,140,000 Lbs. /hr.) (S-32-1bSTERT..) 
. 1 1 
($0 min. hr. )(4 pumps) 
= 2570 gpm 
Pressure Drop through Recycle Cooler = 5 psi 
Pressure Drop Across Condenser Sprays = 25 psi 
Friction Drop in Lines (estimate) = 30 psi 


Total Pressure Drop = 60 psi 


Ideal Pump Work = (60 lbs./in.”)(144 in.2/ft.?) (as75 Ibs/fto) 
(1.283 x 10° lbs. 


1 
ea )(€0 min. he. ) 


= 2.98 x 106 ft.-lbs./min. 
Ideal Horsepower = 2.98 x 10°/33,000 = 90.3 Ep 
Pump Shaft Efficiency = 80% 
Motor Efficiency = 90% 


Motor Horsepower = (90.3)/(0.8)(0.9) = 125 Hp 
Pump Selected: Single stage, single suction, ball 
bearing, direct connected centrifugal pump. 
Motor Selected: 125 H 220 volt AC 3-phase L.A. Type S 
Vilbrandt Page 156 and 157) 
2. Cost Calculations 
Cost data from Vilbrandt page 194 Table 140 


14 
Pump and Motor Cost = (#25/Hp)(125 Hp) (1.32) | Ne $4130 per 
Index pump 
Factor 


Installation Cost = $1770 per pump 
Total Cost = (1770 + 4130)(6) = £35,450 
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Power Required = (125 Hp/pump)(4 pumps)(0.746 KW/Hp) 
eed Y oan Lal 
Power Cost = 373 KW x 0.0125 #/KW-hr. = $4.66 $/hr. 


E. Pipe Diameters Required 
| All pipe diameters were selected from a nomograph 
included in ee ig te piping required for this section see 
flow diagram Figure 8S Page. All pipes for pressure of 300 psi. 
l. Vapor Distributing Pipe for Condensers 
Density = 0.588 lbs./ft.3 Rate = 55,200 ft.°/min. 
Actual Pipe Diameter = 80 inches 
2. Inlet Pipes to Condensers 
Density = 0.588 lbs./ft.° Rate = 13800 ft.°/min. 


Actual Pipe Diameter = 35 inches 


Se Vapor Line Condensers to Scrubber Line 


Va) 


Density = 0.945 lbs./ft.° Rate = 8150 ft.°/min. 


Actual Pipe Diameter = 35 inches 


4. Liquid Line Condenser to Separators and Separator 


Distributing Line 

Density = 62.4 lbs./ft.2 Rate = 3402 gpm 

Actual Pipe Diameter = 18 inches 

o- Water and Water Soluble Chemicals Line from Each 
Separator 

Density = 62.4 lbs./ft.° | Rate = 2,605 gpm 

Actual Pipe Diameter = 15 inches 

6. Water and Water Soluble Chemical Stream to Combine 
with Stream from Scrubber 


Density = 62.4 lbs./ft.° Rate = 138.8 gpm 


Actual Pipe Diameter = 4 inches 
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7. Recycle Line Pump to Intercooler, Separator to Pump, 


and Intercooler to Condenser 
Density 62.4 lbs./ft.5 Rate = 2570 gpm 
Actual Pipe Diameter = 15 inches 
8. Cooler Water Lines (Inlet and Outlet to Sewer) 
Density = 62.4 lbs./ft.° Rate = 8230 gpm 
Actual Pipe Diameter = 26 inches 
9. Cooling Water Lines to and from Fach Exchanger 
Density = 62.4 lbs./ft.5 Rate = 2060 gpm 
Actual Pipe Diameter = 14 inches 
10. Oil and Oil Soluble Chemicals Lines from Each Separator 
Density = 49.9 lbs./ft.° Rate = 61.9 gpm 
Pipe Diameter = 3 inch standard 
ll. Combined Oil Line to Refinery 
Density = 49.9 Rate = 247.6 gpm 


Actual Pipe Diameter # 5 inches 


Numbers on lines in Figure 8 refer to the above numbers. 
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I. Condensers, Separators, and Recycle Coolers 


A. 


Be 


INSTRUMENTATION 


All cost data from Vilbrandt, pages 486 and 487 


Condensers Unit 


Sear Accessories Installation To 
ia) tb Se 


Five orifice or 

venturi meters and 
bodies, recording and 
controlling one on 

each vapor inlet 

line 600 


Pneumatic Control 
system components 
(No compressor) 300 


Five pressure 
recorders 150 


Five temperature 
recorders and con- 
trollers.(6-point 
Electronic strip 

chart potentiometer) 

To record liquid outlet 
temperature and to 
control same by con- 
trolling flow of 

recycle coolant 675 


B. Recycle Coolers 


Ae 


Five orifice or 

venturi meters and 
bodies, recording 

only. On recycle 

inlet line. 500 


Five temperature 
recorders and con- 
trollers. To record 
temperature of 

recycle stream 

leaving cooler and 

to control same by 
controlling water 

inlet flow to each 

cooler 675 


240 


45 


45 


270 


200 


270 


240 


75 


60 


558 


200 


558 


tal 
dh 


pani eaes. 1 Eas 


420 


1,275 


6,415 


4,500 


6,415 
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=) C. Separators 
The three separators with each condenser are to operate 
on an automatically timed and controlled cycle in which one is 


filling, one is settling and one is emptying. 
Filling time = (183,600 gals./tank) (a7o5 sats LET ee. = 54 mins. 


Settling time = 54 mins. 


Emptying time = 54 mins. First 1.3 minutes oil layer empties 
Last 52.7 minutes water layer empties 


Unit 
Cost Accessories ac hje eh abe pea 
¢ ¢ $ q 
1. 36 Pneumatic control 
systems 300 45 75 15,1209 
2. 36 Pneumatic trans- 
N mission components 75 16 AG 8,460 
3. 4 Automatic timing 
devices 1000 500 4,500 
D. Miscellaneous 
1. One orifice flow 
recorder on com- 
bined water and 
water soluble 
chemicals line 500 200 200 900 
2. One orifice flow 
recorder on com- 
bined oil and oil 
soluble chemicals . 
line 500 200 200 900 


Total Instrument and Accessories Cost = %41,660 
Total Installation Cost = #12,645 


Total Instrumentation Cost Including Installation = $54,305 
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% MISCELLANEOUS COSTS 


I. Condensers, Recycle Coolers and Separators 
A. Piping Cost 
25% of basic process equipment cost 


#350, 200 


Materials Cost = (0.25)(%1,401,090) 8 
Installation Cost = (0.4)(#350,200) = 140,200 
B. Electric Wiring 
1/2% of basic process equipment cost 
Materials Cost = (0.005)(#1,401,090) = 7,000 
Installation Cost = (0.4)(#7,000) = 2,800 
C. Insulation, Fireproofing, and Paint 
1% of basic process equipment cost 
) Materials Cost = (0.01)(#1;401,090) = 14,000 
Installation Cost = (0.4)($14,000) S 5,600 


D. Depreciation Cost 
10% per year 
Total Equipment Cost = #2,196,205 
Depreciation Cost = (0.1)(#2,196,205) = $219,620 per year 


E, Taxes, Rent, Insurance, Patent Rights 
and Maintenance = $219,620 per year 


10% per year 
F, Labor 
1 pump man, 1 condenser man, 1 separator man 
Total of three men per shift 
Labor Cost = (3)(2.50 */hr.)(8760 hrs./yr.) = $65,600 per year 
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453,969 lbs./hr. Vapor 
48,374,250 Btu/hr. 


500 .psia 
> 200 F, 
1,285,000 1lbs/hr 
Recycle 
113,000,000 
Btu/hr. 
- yo25 psia 120°F. 
y 


569,300 lbs./hr. 
Vapor ve 


154,076,250 
Btu/hr. 

300 psia 

600°F, 
1,327,167 lbs./hr. Liquid 
218,650,000 Btu/hr. 
300 psia 200°F. 
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SPRAY CONDENSER 
FIGURE 5 
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1,285,000 lbs/hr. Recycle 
113,000,000 Btu/hr. 
325 psia LEOCr, 


1,285,600 lbs/hr 
Recycle 
245,750,000 
Btu/hr, 
aoa 350 psia 200 F. 


1,027,500 lbs/hr. 
Water 
152,000,000 
Btu/hr. 
180°F. 
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FIGURE 6 


z , Sy. eed feb a We oy ns 
; i . Si { 


ri? aa & 


oe ch 


3" pipe 
>< 24,801 #/hr 
th oil layer 


Metal thickness 


50! 3-15 ink 
lS*spipe  —— 
1 322 G4 ne 
liquid 
25% 
15" pipe 


1,285,000 #/hr “Thitnipe Lt Biber 17,616 #/hr water layer 


Fig. 7. Liquid Gravity Separators 
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DESIGN CALCULATIONS 
for 
RECYCLE GAS COOLER AND DEHUMIDIFIER 

The original intention was that this unit would be primarily a 
stripping tower to remove water soluble chemicals from the recycle 
gas stream. It soon became evident though, because of the almost 
negligible amount of chemicals present, that dehumidification and 
cooling would be the controlling factors in the design. 

The only rate coefficient data available is for systems in 
which air is the inert carrier gas. For this system therefore, it 
was necessary to employ a unique approach. The method used is based 
upon an enthalpy driving force as described by wichiey®> His 
development is applied to the dehumidification of air and hinges 
upon the assumption that the ratio.of the heat transfer coefficient 
to the mass transfer coefficient is equal to the specific heat of 
the humid gas stream. This assumption is valid for air but not 
necessarily valid for other inert carrier gases. However, since 
the average molecular weight of the gases involved in this problem 
is fairly close to that of air, (22 as compared to 29), it was felt 
that the error involved in accepting the above assumption as valid 
would not be nearly so great as that which would result from using 
rate coefficiasts defined specifically for use with air. 

The problem then became one of calculating an equilibrium curve 
of the enthalpy of the saturated gas stream as a function of temp- 
erature. The method for doing this is adequatly described below. 

A straight operating line was assumed and the required number of 
equilibrium contacts was determined by ‘stepping off' betweem the 


operating line and equilibrium curve over the desired range ,. 
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In lieu of tray efficiency data based upon enthalpy contacts, 
a tray efficiency of 20 per cent was assumed. It is felt that this 
is sufficiently low enough to compensate for any erroneous steps 
which may have been taken in the determination of the required number 
of contacts. The calculations involved are given in the following 
pages. 


INCOMING GAS STREAM: T=<200°F; p=300 psia; H=193,497,000 BTU/hr; 


(relative to 32 °F) 
Comp. Mol/hr #/hr (32-200) Latent Ht. A asta hn 
(To 


C 
Bru/Mol-°F BTU/Mol 


r dry gas) 
COg 18520 815000 11.00 203720 
co 16000 448000 723 115700 
He 32620 65300 6.90 225200 
No 6990 195800 7.20 50300 
He0* 3150 56700: 8.60 Stm.Tbl. 
Cj-2 2986 53700 11.30 33750 
Cz-4 #1232 61600 24.50 30200 
5) C5-10 824 87300 46.00 37900 
Cll-js 14 2855 86.00 1203 
Alc. 239 12450 20.00 7500 
Ald.* 48 2490 16.60 7500 
Ket. * 43 2580 18.60 7500 
Acia* 101 6460 14.50 9000 
Oil Sol. 49 5640 34.00 1665 
82816 1815875 699688 


*Classed as wet gases 


82816 total mols/hr 
3582 wet mols/hr 


79244 dry mols/hr Avg. C,(for dry gas) = 022088 _ 3,95 BTU/mol °F 
Dp 79234 
1,734,195 #/hr of dry gas entering 
1734195 
Vee. i i. te of a Se ee ee 
Avg. Mol. W ry gas 7554 
Enthalpy of entering stream= a = 111.6 BTU/# of dry gas 


The desired equilibrium curve is a plot of the enthalpy of the 
saturated gas stream in BrU/# of ary gas versus temperature. The 
amount of water vapor present at any temperaure is determined from 


Sy data out of the steam tables. To determine the concentration of the 
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water soluble chemicals at any temperature, it was assumed that 

the chemicals arecdissolved linearly with temperature through the 
tower; i.e. their concenteation at 200° is that given above while 
at 85° ( temperature of the exit gas stream) no chemicals are 
present in the gas stream, and at a mid-point temperature they are 
present at one half of their original concentration. Thus the 
amount of each chemical present at any temperature is easily deter- 
mined from the linear graphs in Fig.7. 

The enthalpy of the saturated gas stream is then calculated as 
the sum of the sensible heat of the dry gases plus the latent heats 
of the chemicals at 32° and their sensible heats from 32°to the des- 
ired temperature plus the enthalpy of the water vapor present 4s 
obtained from the steam tables. The enthalpy of the dry gas stream 
at 200° was determined by subtracting from the enthalpy of the total 


stream that of the wet components as follows. 


enth. of He0 vapor: 56700 #/hr X 1146 BTU/#= 65,000,000 
enth. of Ale.vapor: 7500 BTU/mol X 239 Mol = 1,791,000 
20 BTU/mol°F x 168°F X 239 Mol= 803,500 
enth. of Ket.vapor: 7500 X 435 = 322,300 
18.6 X 168 X 43= 134,300 
enth. of Ald.vapor: 7500 X 48= 360 , 000 
16.6 X 168 X 48= 136,700 
enth.of Acid vapor: 9000 X 101= 910,000 
14.5 x 168 x 101= 246,000 
69,771,500 

193,497,000 

69,771,300 


123,725,700 BTU/hr, Enthalpy of dry gas @ 200°F 


The pounds of water vapor present are determined from steam 


table data in the following manner: Ho = Vay or (pressure of Water frauTadle. 
Puc - Beceern AP is He oeee M4 , Prine = ™ pro ¢ “i P. 5 
Becta Malsaas + mols... ie. a 
8X my. = 18 '?a°- = Vethlead Sake’ ox ware rapor 
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The equilibrium curve (ig versus T) is shown plotted in Fig./0, 
Cooling water is available at 80°F and it was arbitrarilly assumed 
that the out-let gases would be cooled to 85° with the water being 
heated to 190° to give At'ts of 5°and 10° at the top and bottom of 
the tower respectively. As was pointed out above, a straight operat- 
ing line was assumed. It was determined that 7.6 theoretical trays 
would be required for the desired dehumidification by simply stepping 
off the equilibrium contacts between the operating and equilibrium 
lines. 

The necessary amount of cooling water was determined from a heat 
balance in the following manner; 


Heat taken up by water= Heat given up by gases 
=111.6 - 26.75= 84.85 pru/#dry_gas 
or, 84.85 X 1,734,195214.7 x 10’ pru/hr 


Water goes from 80° to 190°, At =110° 


therefore, aa 10" =1.339 X 10° # water per hr. 
1.339 x 10° 


ta 3 
5.33 = 160.8 X 10” gal/hr 


or, 


= 0.596 @ 85°F 


Pp 
Pas therefore, 


79234°0.596°18 
500 - 0.596 


water’ in entering gases = 56700 #/hr 


Water in out gases= =2800 #/hr 


Water removed 56700 - 2800 =53900 #/hr 


Alcohol removed 12450 
Aldehyde removed 2490 
Ketone removed 2580 
Acid removed 6460 
Total removed from gas 77880 #/hr 
Cooling water in 1339000 


Total liquid stream out 1416880 #/hr 
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CONCENTRATION OF CHEMICALS IN LIQUID STREAM: 


12,450 X 100 
—T,416,880 = 0.880 per cent alcohol by weight 


2,490 X 100 
1,416,880 

2,580 X 100 _ 

“1,416,880 =<"Qji0e " ketone " " 
6,460 xX 100 
1,416,880 


O3176 * " aldehyde " " 


0.456 ”™ " acid " " 
1.694 per cent total chemicals 


Justification for the assumption that all of the water soluble 
chemicals will be removed from the gas: 


Raocult's Law is valid for the solute in dilute solution. 
Therefore, 
p= P.x y= PR. Pox 
° pi? 


where, y=mol fraction of solute in vapor 
x= mol fraction of solute in liquid 
p= partial pressure of solute in vapor 
P=vapor pressure of pure solute 
Pz=total gas pressure 
In order to include a maximum factor of safety, the calculations 
\) are based upon the supposition that all of the chemicals are 
dissolved in the inlet water stream; this gives values of x which 
are higher than would actually be encountered in the tower. 


Component Py (@ 80°F) Total mols x y 

ROH. (ethyl) 15 psia 2359 0.00423 0.000212 
RCHO (acet.) 30 48 0.000845 0.0000845 
RCOR (acetone) 30 43 0.00754 0,0000754 
RCOOH (acetic) 0.26 10m 0.00178 0,.00000154 


It is apparent that the mol fraction of the chemicals in the 
vapor is negligible. 


TOWER DIMENSIONS: 


The allowable vapor velocity was determined from the equation: 


Vallowable= 9°#29 eta 


At bottom of tower: (t,= BOO", %1= 190°} 


21.9 , 492 _ 300 _ 3 
(<= 350 x B60 Xx na? 0.941 A/ft 
3 
a C.= 60.35 #/ft 
a? | At top of tower: (t,= 85°, t,= 80°) 
21.9 492 300 


(= 359. * 545 * Ta 
P.= 62.2 #/tt? 


= 1.14 #/tt° 
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Top of tower; 
v= 0,226 |/ $2.8 = Lat = 1.642 ft/sec 


79234 545 ~ 146.7 _ 3 
3600 = 359 x iso ~ Zoo = 423.00 ft’/sec of dry gas 


2800 049 . 14.7 _ 


3 
18 X 3600 X S59 X 460 x 300 = 0.84 ft°/sec water vapor 


423.84 total 


423.9 
1.642 


Bottom of tower: 5 7 7 
Ve 0,228 (eons ee 1.782 ft/sec 


82816 660 _ 14.7 
3600 * 99 X ZEG X BOO 


= 258 ft” area required at top 


= 535 ft°/see total gas 


935 
1.782 


Therefore, use 300 ft@ 


eo ee aes et 
Tr 


Use three towers in parallel to cut down the necessary diameter 


= 300 ft* area required at bottom 


A = 100 ft® Dae 11,25 tt 
1,732 
For operation at 300 psia, ratio of wall thickness to diameter 
for mild steel is 0.025. 
therefore, 
Shell thickness = 5.625 x 0.025 x 12 = 1.69” 


Tray Spacing: (Chem. Eng. Prog.,45,719, (1949) ) 
'Ft factor = uvap VA, 5 = 1-782 0.941 = 1.73" 


This 'F' factor is beyond the range of the graphical correla- 
tion given in the above article. It appears reasonable hawever, 
to assume a tray spacing of 2 feet. 


To compensate for errors which may have been made in the deter- 
mination of the theoretical contacts required, estimate a modest 
tray efficiency of 20 per cent. 
therefore, 
76 


"Le = 38 actual trays required per tower 


tower height & 38 X 25 76 feet 
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Tower Requirements; 


Number needed 3 
Height 76? 
Inside diameter 11.25° 
Shell thickness 1.69" 
Plates required per tower 38 
Material Mild steel 


ECONOMIC PIPE SIZES: 

Economic pipe diameters were determined from a nomograph by 
Colburn-which relates the proper diameter with flow rate, density 
and viscosity. 

(Letters used refer to the lines as designated in Fig./I) 


Line Flow Rate Density, #/ft” 


Economic Diameter 


A 2680 gpm 62.2 15 inches 
B= D=E 894 ff " 9.35 

C 1796 " Ls 13 

2 ‘2560 °* 60.3 15.5 

H *-18@3. " Hd 13.5 
F=GelI oY aa ¥ 9.5 

a 32600 cfm 0,931 67 
b=d=e 10867 "* " 40 

¢ @l752 ." e 55 

j 25450 "* 1.138 60 
f=g=i 8483 ”" " 36 

hv 2e367-"." 8 50 


PRESSURE DROP THRU TOWER: 
Estimate drop of 6 inches of water per plate. 


6 62.4 ; 
Total drop=38 X — X22°=238.22.psi 
: erse) ie eee 
Insofar as the calculations for this unit were concerned, this 
pressure drop was considered as being negligible. For the over- 
all energy balance of the separation unit however, it is taken 
into consideration. 


GAS STREAM LEAVING TOWER: 85°F, H= 46,400,000 BTU/hr 


Component Mol/hr #/hr 
e70) 18,520 815,000 
CO 16,000 448 ,000 
H 32,620 65,500 
N 6,990 195 ,800 
H O 155.6 2,800 
C 2,986 55,700 
C 1,232 61,600 
C 824 87,300 
C 14 2,855 
Oil Sol. 49 5,640 
76,391 1, 736,995 
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COST ESTIMATION: 


i! 


Towers, 
For the shell, base _ cost on 0.096 $/# for mild steel, having a 
density of 486 #/ft 


Shell volume =yDtH= 7 (11.25 + a a X 76=383 ft 


2 
Volume of flat base= met =m (U2 a x a = 14,75 ft 


Volume of dome top 


27.2 
Ve + 1 wh(2rt fe $2) “s a X3xX akiliweo X 1.69 4 69 
3 12 a 


= 33.8 rt? 
Total volume of steel per shell = 431.55 ft 
Cost = 431.55 X 486 X 0.096= $20,150 


Tray Costs, 
$10.00 to $15.00 per ft” (vilbrandt, P.473) (valid for 1947) 
Cost per ft” would be lower for larger plates, but, considering 
the increases in costs between 1947 and the present time, it was 
decided that $15.00 per ft” would be the more correct value to 
use. 

Tray area = pr X (5.625) = 95 ft* 

Total tray cost per tower = 95 X 38 xX 15= 454,000 


~\) 


Total cost per tower, shell and trays = $74,150 


Assume 40 per cent for fabrication, including tray supprots, 
nozzles, flanges, man-holes, etc. 


Fabricated tower cost = 74,150 x 1.4 = $103,900 


Assume installation cost is — X fabricated cost (Contest Prob.) 


Installed cost per tower = eee = $148,000 


Total installed cost for three towers = $444,000 


Piping Costs, 
Assume piping equipment cost to be 25 per cent of basic 
equipment cost. Use the above factor for installation cost. 


Equipment for the*three towers = 103,00 xX 3 X .25= $77,925 
Installed piping cost = or X 77,925= $111,321 
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Require: 


Instrument Costs, (Vilbrandt, P.487) 


2, 3-point temperature recorders 
3, Flow rate recorders and controliers 
(temperature activated’ control) 


Item Flow Inst. Temp. Rec. 
Base instrument 3 X 160 $480 2 X 800 
faccesories 0.95 X 480 455 
Installation 0.50 xX 480 240 0.5 x 1600 
Thermocouples 3 X 120 360 
Pneumatic control system 3 X 300 900 
Accesories Oe20ok SOO 135 
Installation 0.45 x 900 405 

$2975 


Total instrument cost = $5375.00 


Electric Wiring and Lighting, 
% per cent of basic equipment cost 
or, 0.005 X 3 X 103,900 = 
installation 0.4 X 1559 = 


Total ¢ 


Paint, Fire-proofing, Insulation, etc. 
4 per cent of basic equipment cost 
or, 0.005 xX 3 X 103,900 = 


Total Installed Costs for Entire Unit, 


81,559 


624 


$1,559 


3 plate towers $444 ,000 
Piping 111,321 
Instrumentation B,o7o 
Electric wiring and lighting 2,183 
Paint, etc. 1,559 

$564,438 


#1600 


800 


Cost per Hour for Dehumidification Unit, (exclusive of insurance) 
Based upon amortization period of 10 years 


564,438 


Qa 
Amortiztion tsi S nati aan EE 
10 x*g4.xX 365 


$6.44 per hr 


water @ $0.04 per 1000 gal= 160.8 xX 0.04= 6,43 


Labor, One man @ $2.50 per hr 2.50 
TOTAL HOURLY COST $15.37 
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